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(1) DEPARTMENT OF GENETICS, CAMBRIDGE 
PROFESSOR R. A. FISHER 


Tue Department of Genetics, at Cambridge, is being organised with 
a view to carrying out research in the three fields of Animal, Plant 
and Human Genetics. 

The colony of mice now run for about 20 years is being reorganised, 
with the establishment of 21 inbred lines each maintained segregating 
in five supposedly unlinked factors. Nearly all genetically useful 
genes can be thus maintained and their effects manifested in a 
constant genetic environment so that these effects may be studied 
and exhibited with a minimum of genetical disturbance. The 
system also provides a comprehensive study of linkage and valuable 
material for instruction in practical genetics. 
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Work is continuing on the tristylic species Lythrum salicaria, 
having now adequate greenhouse and garden facilities. The in- 
heritance of style-length has been shown to be tetrasomic, and it is 
an interesting question whether all characters in the species are 
inherited in the same way. Two recessive colour factors have so far 
appeared and the species appears to offer an opportunity of studying 
the complex problem of tetrasomic linkage. 

The Department is collaborating closely with the serological 
research unit originally set up in the Galton Laboratory for the 
study of human genetics. This unit has been largely responsible 
for the elucidation of the complex genetic situation in the Rhesus 
factor and is continuing the study of this and other serological factors 
in Man. 

Inbreeding is of great practical importance in animal and plant 
improvement, but its theory seems to have been quite inadequately 
explored. A somewhat fuller theoretical study of various aspects 
of this subject will soon be published. 


(2) MEDICAL RESEARCH COUNCIL, EMERGENCY BLOOD TRANS- 
FUSION SERVICE AT DEPARTMENT OF PATHOLOGY, CAMBRIDGE. 
DR R. R. RACE 


In 1940 the human blood groups called Rh were discovered and 
their importance in causing transfusion reactions and hemolytic 
disease of the newborn was established. This was mainly the work 
of Landsteiner, Wiener and Levine in New York. 

In 1942 this unit began to do routine Rh tests in these two groups 
of conditions. In 1943 one of us was free to carry out research into 
the Rh groups and this work has continued through the last three 
years. 

We have been able to isolate seven allelomorphs of the Rh gene, 
six of which were isolated at about the same time independently in 
America. An “incomplete” non-agglutinating form of anti-Rh 
has been discovered, which is as dangerous in causing hemolytic 
disease as is the complete agglutinin. This also was described 
simultaneously in America. 

Early in 1944 our results were studied by Professor R. A. Fisher 
who proposed the theory, which has now received considerable 
support, that three closely linked loci each with at least two allelo- 
morphs were responsible for the Rh groups. The theory demanded 
one more allelomorph and two more antibodies. We have recently 
discovered one of the two predicted antibodies. 


(3) GALTON LABORATORY. PROFESSOR L. S. PENROSE 


(1) Further data collected on the question of linkage between the 
A.B.O. agglutinogens and (i) phenylketonuria and (ii) red hair have 
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been consistent with previous findings. The correct method of treating 
the data is still in some doubt. There may be linkage in both cases 
but in (i) there is at least 25 per cent. crossing-over, though in (ii) 
there may only be as little as 12 per cent. 

(2) Inheritance of the common types of psychoses has been 
studied on an extensive scale, paying special attention to the age of 
acute onset. In the first place, age of onset was shown to be a sex- 
influenced character. Secondly,. correlation coefficients of age of 
onset in relatives suggest the genetic background of variation in this 
character is multifactorial and that possibly sex-linked factors play an 
important part, though the main genes responsible for the illnesses 
themselves are autosomal. Thirdly, combining these findings with 
the results of some mental and physical measurements indicates that 
variations in onset ages and types of mental illnesses may be condi- 
tioned by quantitative sex differences, so that the study of the genetics 
of mental illness may elucidate the inheritance of sex deviations 
in man, 

(3) Analysis of new material and published pedigrees of diabetes 
mellitus show an incidence in sibships which can either be interpreted 
as due to partial sex linkage or modification by sex-linked genes 
(published jointly with E. Watson). 

(4) Relatives of certain types of cases of developmental ab- 
normalities show a higher frequency of the peculiar palmar 
dermatoglyphs characteristic of these cases than are shown by random 
population samples. 


(4) UNIVERSITY COLLEGE, LONDON. PROFESSOR J. B. S. HALDANE 


Drosophila. In all species examined spermatogenesis occurs in 
imagines. Thus it is possible to examine males cytologically after 
breeding from them and (e.g.) to detect XO males. 

In several species yellow mutants have a cuticle more permeable 
to water than normal, and black mutants less. The effect of a 
number of eye colour genes on visual acuity has been measured. 

Drosophila subobscura. In this European species we have about 
50 mutants. It is so far unique in animals and plants in being a 
permanent structural heterozygote for 3 autosomes, which differ 
from one another by inversions. Flies homozygous for more than 
one inversion are sterile. The chromosome maps are at least 570 
units long. At least one inversion gives negative interference, i.e. a 
crossover on one side of it increases the probability of a crossover on 
the other side. Primary non-disjunction is not rare, but there is no 
secondary non-disjunction. Gynandromorphs are rarely bilateral, 
usually fore-and-aft. Several peculiar genes are found, notably a 
crossveinless causing detached testis. White males are sterile as 
mating depends on vision. Normal females refuse to mate with 
yellow males. 
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Drosophila melanogaster. The cytoplasmically inherited agent caus- 
ing sensitivity to carbon dioxide disappears when stocks are kept 
cold. It is not transferred to or from transplanted ovaries, and can 
thus hardly be described as a virus. Culture conditions can be 
arranged to make ebony either disadvantageous or advantageous in 
the struggle for existence. 

Felis domestica. The Abyssinian gene transferred to a yellow 
produces a uniform yellow as predicted by Hagedoorn. 

Homo sapiens. Spastic ataxia is due to several incompletely sex- 
linked allelomorphs. The differences in age of onset of a congenital 
disease have been shown to be due to modifiers in some cases, to 
different alleles in others. Hoogvliet’s data, when combined with 
our own, show about 10 per cent. recombination between hemo- 
philia and colourblindness. But myopia with nystagmus shows over 
50 per cent. recombination with colourblindness in White’s pedigree. 
Retinoblastoma seems to be due to a dominant gene with about 
go per cent. penetrance and go per cent. lethality among those 
showing the phenotype. It appears by mutation with a frequency 
about 1 in 30,000 per generation. 


(5) DEPARTMENT OF ZOOLOGY, OXFORD. DR E. B. FORD 


(i) Dominance-modification in the moth Abraxas grossulariata. By 
means of + and — selection, it has been possible to alter the 
expression of the gene producing yellow (compared with normal 
white) pigment, until the heterozygotes overlap the normals in one 
line and the mutant homozygotes in the other, thus producing 
dominance-modification in a wild form. 

(ii) Industrial melanism in the Lepidoptera. The heterozygous 
melanics are hardier than the normal form both in Boarmia repandata 
and in Biston betularia. Also the melanics are more conspicuous than 
the normals in unpolluted country but less so in industrial conditions. 
These facts are in accord with the proposed interpretation of the 
phenomenon. 

(iii) Chemistry of pigments in the Lepidoptera, both in varieties 
and in normal forms. A classification based upon chemistry accords 
with that which had been arrived at in ignorance of the nature of 
wing-pigments of these insects. 

(iv) The spread of a gene in natural conditions in an isolated 
population of the moth Panaxia dominula during seven years. The 
frequency of the gene in nature has been ascertained year by year 
and its spread demonstrated. This has been related to the total 
numbers of the population, obtained by the method of marking, 
release and recapture. Modifications in the effect of the gene are 
being traced in nature. Such modifications have, at the same time, 
been studied in the laboratory, and it has been possible to modify 
considerably the effect of the gene by selection. It is hoped to study 
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the evolutionary situation involved by means of combined genetic 
and ecological methods. Part of this work is now ready for publication. 


(6) DEPARTMENT OF ZOOLOGY, CAMBRIDGE 
DR C. H. WADDINGTON 


Nearly all the work was concerned with the action of genes in 
controlling developmental processes in Drosophila melanogaster. One 
small investigation which falls outside this field was a study of X-ray 
induced mutations in somatic cells from the recessive gene straw-3 
to its dominant wild-type allelomorph, a change which can be 
recognised in single cells. It was found that the mutation rate is 
about 0-5 per r-unit per 10° genes. 

The developmental studies covered factors affecting the main 
organs of the adult. About 40 genes affecting wing development 
were studied, and some sixteen different morphogenetic processes, 
affected by these factors, were distinguished. In all these, the 
genetic effects were produced by modifying the reactions between 
masses of tissue, rather than as a direct result of gene action in a 
single cell. It was found that there are two particularly critical 
periods in development (“‘ epigenetic crises”) at which profound 
morphological alterations tend to be produced. The later of these 
occurs about sixteen hours after puparium formation, when the body 
of the fly contracts sharply from a highly inflated condition to its 
normal size. Minor abnormalities, if they interfere with the flow 
of body fiuid within the integument, may at this time cause gross 
malformations in the final shape. The earlier crisis occurs in the 
last larval instar or just after puparium formation and is connected 
with the eversion of the imaginal buds. Irregularities in folding can 
apparently be produced by abnormal growth-rates on the tissues. 
The abnormal foldings lead not only to gross malformation of organs, 
but also to changes in the tissues or organs produced ; thus wings 
may become converted into thoracic parts, eyes into antenne and 
so on. These alterations can be produced by making up suitable 
combinations of genes which affect growth rate; they can also be 
the consequences of intense doses of X-rays during development, the 
primary effect in this case also being apparently exerted on the 
growth rate. 

Studies were made (largely by Pilkington) on the genetic control 
of the development of the eyes. The genetic effects were shown to 
be produced by alterations in the rates of division of cells, in the 
mutual arrangement of small groups of cells, and by the degeneration 
of certain cells. 

A number of genes influencing the bristles were also studied, in 
collaboration with A. D. Lees. Only two cells are normally con- 
cerned in the development of each bristle, and the gene actions affect 
mainly the number of divisions, the relative positions of the cells 
A2 
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and the rate and kind of the secretion of bristle substance. A physico- 
chemical study by Lees and Picken made it possible to give an 
account of the shape of the bristle in colloid chemical terms. 

An investigation of some of the body colour genes attempted to 
interpret their action in terms of the tanning reaction found in the 
epidermis of other insects, and to elucidate the connection between 
the gene effects on the adult and on the puparium. 


(7) INSTITUTE OF ANIMAL NUTRITION, CAMBRIDGE 
DR J. HAMMOND 


Reciprocal crosses between the small Shetland pony and the large 
Shire horse showed a maternal influence on the inheritance of size 
(Walton and Hammond, Proc. Roy. Soc. B., 125, 1938), have been 
followed by back crosses to the pure breeds, but insufficient numbers 
have yet been obtained to give conclusive results, 

The finding that the amount and extent of the hair on the tail 
of the lamb at a month old is an indication of the quality of the wool 
in the adult fleece within a breed (Thomasset, 7. Agr. Sci., 28, 
1938) was followed by a classification of the tails of many British 
breeds. It was found that the same relationship held as within a 
breed. Romney sheep are now being inbred and selected for hairy 
and non-hairy tails in separate inbred lines from the same stock. 

Inbreeding in Large White pigs has been continued successfully 
and the experiment is now in the twelfth generation. The effects on 
the conformation and composition of the carcase of rearing these on 
different planes of nutrition have been reported (McMeekan, 7. Agr. 
Sci., 30 and 31, 1940 and 1941). 

Different strains of rabbits, inbred for some 30 generations, have 
been crossed together and observations made on the inheritance of 
body size, mammary gland weight, fertility, etc. The crosses have 
been mated back to the parent strains in successive generations to 
determine for each of these characters how many generations are 
required before the “‘ graded-up” animal is indistinguishable from 
the pure bred line. This problem underlies the mass improvement 
of commercial animals by the grading-up by superior males. This 
method of “ grading-up”’ is now being adopted for dairy cattle by 
War Agricultural Executive Committees, while for commercial beef 
cattle, the first cross with a pure beef bull which has dominant colour 
markings (Hereford, white-face ; Aberdeen-Angus, black colour) is 
being used. 

The practical application of artificial insemination was started 
by the formation of the Cambridge Cattle Breeders Society in 1942. 
The Society is now breeding by progeny tested bulls over half the 
dairy cattle in the district which it covers. This has enabled the mass 
grading-up of small dairy herds (over half the cows are in herds of 
fifteen or less) to proceed on a sound basis. 
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In poultry, the work has been concerned with applied genetics. 
In 1930 Punnett and Pease made a pure breed of poultry in which 
the sexes could be distinguished at hatching by the patterns of the 
downs. The difference depends on the imperfect dominance of the 
Barring sex-linked gene ; it is a special case of Fisher’s dominance 
modification by a mendelian factor. Work was undertaken to widen 
the range of types of these new breeds of poultry and to grade them 
up to commercial standards (Pease). 

The sex-linked Silver gene can be used in the same way as the 
Barring gene to give a pure breed showing a sex-distinction in 
the downs (Pease). 

A line of white Leghorns has been established by brother-sister 
mating, which after 14 generations appears to breed prolificly 
without deterioration. Three other unrelated lines of white Leghorns 
have also been established, though these are not of such long standing. 
All these lines have been crossed inter se in order to determine whether 
good utility poultry can be bred in this way. Preliminary results 
are encouraging. It has also been shown that “ Top-crossing ”— 
ie. inbred ¢ Xcommercial 99—is an effective way of breeding good 
utility White Leghorns (Pease and Dudley). 

In all these inbred lines, it has been found that for the characters 
measured—growth rate and egg production—there has been no 
greater approach to uniformity than in control outbred stock. It 
would seem, then, that by selecting the most vigorous birds in each 
generation, we have thereby selected the birds which are heterozygous 
for the gcnes concerned with the characters measured (Pease and 
Dudley). 

The view is widely held that the prevalent mortality in commercial 
poultry is in some way due to breeding from “immature” birds. 
It was shown, however, that mortality depended not on the age of 
the mother, but on whether the mother lived or died during the 
breeding season. Evidence supported the view that non-specific 
mortality was due to defects in the cytoplasm of the egg (Pease). 

In Dutch rabbits a case of conjoint identical twins establishes that 
twinning occurs in rabbits. This probably explains odd ratios that 
have been recorded in rabbit litters (Pease). 

The poultry work has been carried out mostly at Cambridge but 
also in part at Reaseheath, at the National Poultry Institute, Newport, 
and at the Agricultural Research Council’s Field Station, Compton. 


(8) INSTITUTE OF ANIMAL GENETICS, EDINBURGH 
DR A. GREENWOOD 


Cattle and Pigs. Research on these animals has fallen into two 
categories: (a) Direct experimental work designed to provide 
genetical knowledge for application to practical problems ; and (4) 
studies on population dynamics of existing breeds; with a view to 
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using the theory of population genetics to guide the choice of methods 
of overcoming the disadvantages of the present system of breeding 
domestic animals. 

(a) The long-term cattle breeding trial to test the theory that 
important genes for milk production are sex-linked has been carried 
on and is approaching its conclusion. Simultaneously observations 
have been made on the inheritance of butterfat percentage, colour 
and horn type, as well as studies of fertility, oestrus during pregnancy, 
and the relative importance of hereditary and environmental variance 
in milk characteristics. Pig research has been devoted to the study 
of inbreeding and heterosis with particular reference to mothering 
qualities. 

(6) The existing basis for the improvement of livestock in Britain 
is the pedigree system. Studies of this system from the point of view 
of its genetical effectiveness disclose that (1) out-crossing is almost 
universal and associated with considerable movements of stock, 
especially bulls, from region to region; (2) a very high proportion 
of herds in all breeds comprise less than 20 breeding females ; (3) 
very few males or females live long enough to become fully proven ; 
(4) the majority of breeders will not breed more than two or three 
generations of animals before dispersing their herds ; and (5) only 
about 5 per cent. of all cattle are pedigreed, which means that 
insufficient numbers exist to provide sires for the whole commercial 
population. 

Poultry. Apart from ad hoc experiments carried out during the war 
period the long term investigation on the inheritance of characters 
relating to egg production has been maintained. The flock of 500 
Brown Leghorn females has been derived from a very few foundation 
birds to which no new blood has been introduced since 1931. Studies 
completed during the period under review concern: the problem 
of the Moult in the Castrated Fowl; the Behaviour of Persistency 
(in egg production) in Individual Hens ; Henny-feathering in Brown 
Leghorn Males ; Effects of Thyroid and Gonadotrophic Preparations, 
and other studies on hormone action, Genetic Basis of Tumour 
Immunity in Fowls, and associated researches on tumour virus ; 
The Genetics of Sexual Maturity in Hens and Fertility of Eggs. 

Drosophila. A series of chemical substances has been tested for 
their ability to produce mutations. One group of substances was 
found to be as effective as X-rays, producing mutation rates up to 
25 or 30 per cent. in sperm of Drosophila melanogaster. They further 
resemble X-rays in producing chromosome breaks and re-arrange- 
ments ; for the doses used, however, the ratio between frequency of 
translocations and frequency of sex-linked lethals was significantly 
smaller than after irradiation with X-rays. A high percentage of 
mosaics in the progeny of treated gg, including many gonadic 
mosaics for sex-linked lethals, and a significantly increased incidence 
of lethals in Fs, suggest that chemical treatment may produce after- 




















GENETIC RESEARCH IN BRITAIN, 1939-1945 9 





effects on exposed chromosomes. Chemicals of lesser mutagenic 
efficiency include one naturally occurring substance: mustard oil 
(allylisothiocyanate). Experiments are also being carried out with a 
new carcinogen, acetyl-amino-fiuorene. 

Genetical analysis of chemically produced “ somatic mutations ” 
in flies from treated embryos has confirmed Muller’s suggestion that 
all, or at least most, apparent somatic deficiencies are in reality results 
of somatic crossing-over. 

Another line of investigation is the determination of the genetic 
basis of specific differentiation. Studies on D. pseudo-obscura]persimilis 
hybrids have revealed hidden divergences within species connected 
with the presence of major mutant genes. This problem is being 
further investigated. 

The hybrids between Drosophila melanogaster and simulans are 
completely sterile ; gametogenesis does not even start. By crossing 
multiple recessive melanogaster triploid females with heavily irradiated 
simulans males this sterility has been circumvented and individuals 
have been obtained carrying chromosome recombinations like those 
which would result from a backcross. A genetic analysis has thus 
been possible of the sterility, inviability and morphologic disturbances 
in the hybrids. The simulans Y and IV chromosome have been 
introduced in otherwise melanogaster genotypes. All the analysed 
effects result from pairs or triplets of complementary groups of genes. 
In the course of this work, a study of the mechanism of dominant 
lethality (based on comparison between rod-, V- and ring-shaped 
X-chromosomes) has suggested that a single-hit effect, presumably 
single breaks followed by sister reunion and loss of the chromosome, 
is the main cause of dominant lethality (Muller and Pontecorvo). 

Mammalian Sex-chromosomes. The sex-chromosomes of mammals 
are generally heterochromatic. It is very notable that in the X- 
chromosome the pairing and the differential segments, though both 
heterochromatic, show in many species a distinct heterochromatic 
cycle. This fact, together with the rarity of sex-linked genes in 
mammals and the many other properties of heterochromatin, has led 
to the suggestion that a heterochromatic block may be the visible 
result of repeated replicas of the same gene, or group of genes, lying 
close together on the chromosome (Pontecorvo). Nucleic acid 
starvation is responsible for non-spiralisation of heterochromatin in 
the hamster (Koller). 

Heterokaryosis in Microorganisms with Multinucleate Cells. The nuclei 
of a cell may be genetically different either as a consequence of 
mutation or as a consequence of exchange of nuclei with other cells. 
Segregation of the different kinds of nuclei may follow from a 
random assortment at cell division. A mechanism of this sort may 
substitute the familiar one of alternation of karyogamy and meiosis, 
and, in fact, it is enormously widespread, sometimes side by side 
with the latter, in many groups of microorganisms. In a growing 
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colony the fittest proportion of nuclei of different kinds is kept by 
selection. Varying the external conditions immediately alters 
this proportion. ‘‘ Balanced” heterokaryons have been obtained in 
filamentous Fungi (Penicillium notatum, Aspergillus oryzae). 


(9) BOTANY SCHOOL, CAMBRIDGE. DR D. G. CATCHESIDE 


Most work has been done on the effect of ionizing radiations on 
chromosomes, especially with a view to an analysis of the mechanism 
of breakage and reunion. D. E. Lea (Strangeways Laboratory) has 
collaborated in this work, in which J. M. Thoday, J. P. Kotval and 
L. H. Gray (Mount Vernon Hospital) have played a part. Studies 
have been made on the effects on the chromosomes of Tradescantia 
at the first and second microspore divisions of (a) different doses 
and intensities of X-rays and y-rays at various temperatures, (b) 
different wavelengths of X-rays, (c) neutrons and a-rays. The main 
results are as follows: Neutrons are more efficient than X-rays in 
producing breaks (10). Two-break aberrations, ¢.g. interchanges, 
are proportional to the first power of the dose in the case of neutrons 
but to the square of the dose in the case of X-rays and y-rays. Inter- 
changes produced by X-rays are therefore mainly due to two separate 
hits by ionizing particles, while those produced by neutrons are 
mainly one hit. The neutron work enables one to show that a fairly 
considerable number of ionizations spread across the chromosome are 
needed to break it; and that X-ray breakage is mainly due to the 
densely ionized tail of the electron track. This agrees with the 
finding that some soft X-rays are more efficient than medium and 
hard ones, there being an optimum of about 4A. 

About go per cent. of the chromatid breaks primarily produced by 
X-rays undergo restitution, their life as free breaks averaging about 
four minutes at 20°C, The distance apart at the time of production 
of breaks that take part in the interchanges is of the order of 1 micron 
or less, 

A second group of studies has dealt with X-ray breakage in 
Drosophila melanogaster in relation to dominant and recessive lethals. 
A consistent interpretation of lethals is obtained by regarding them 
as chromosome aberrations of various kinds, whence an estimate 
of the breakage frequency may be derived. This estimate agrees well 
with one independently derived from a comparison of sex ratio 
distortion and chromosome structural change in ring-X and rod-X 
stocks. A consideration of the evidence suggests that the radiation 
data give the best available estimate of the size of the gene, probably 
correct to a factor of two in diameter. 

H. L. K. Whitehouse has studied the analysis of tetrad segregation 
in Neurospora and produced a map of the sex chromosome of W. 
sitophila. Catcheside has shown that Zickler’s data on Bombardia lunata 
demonstrate polarised segregation of a gene to one end of the ascus 
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rather than the other. J. B. S. Haldane (University College, London) 
and Whitehouse have found an excess of asymmetrical post-reductions 
in asci of Neurospora sitophila. 

In Oenothera, the position effect found by Catcheside gives variega- 
tion of the allelomorphs P* and P” and also of S which is about 8 units 
from the P locus. The behaviour is complicated in some stocks by 
the presence of a tandem duplication of the P-S region. The duplica- 
tion and a corresponding deficiency arise spontaneously presumably 
by unequal crossing-over. Structural analysis of some complexes has 
been completed. 

J. L. Crosby has studied the distribution in nature of the long 
homostyle type of Primula vulgaris. In two areas the self fertile long 
homostyle has largely replaced the self sterile, interfertile pin and 
thrum types. The viabilities of homozygous and heterozygous long 
homostyles are under investigation. 


(10) THE STRANGEWAYS LABORATORY, CAMBRIDGE 
DR D. E. LEA 


Comparison of the efficiencies of X-rays, neutrons and alpha-rays 
in inducing lethal mutations can be used to estimate the number of 
genes in Drosophila. The same method can be applied to viruses and 
bacteria if one makes the assumption (for which there is some evidence) 
that their killing is analogous to lethal mutation. The results obtained 
are, that a small bacteriophage (S-13) and the crystallizable plant 
viruses are single naked genes (confirming a speculation of Muller, 
1922); that larg:r phages (C-36 and Staph-K) contain several 
genes ; that a large animal virus (Vaccinia) contains several hundred 
genes and is to be regarded as a single-celled organism ; and that 
Bacterium coli contains about a thousand genes. 

Observations on Feulgen-positive, chromosome-like bodies in 
bacteria, first described by Stille, 1937; Piekarski, 1937-1940; and 
Neumann, 1941, have been reinvestigated and confirmed by 
C. Robinow for many different species. In some species such as 
Pseudomonas begoniae and Ps. malvacearum the nuclear structures can be 
demonstrated by ordinary methods, but usually it was found necessary 
to aid the differentiation of chromatin and cytoplasm by a pre- 
treatment with warm hydrochloric acid (Piekarski, 1937). 


(Il) JOHN INNES HORTICULTURAL INSTITUTION 
Cytology. Dr C. D. Darlington 


New descriptive work on chromosomes has been concerned with 
the study of the centromere (the gene of movement), the origin of 
iso-chromosomes with identical arms, and the behaviour and genetic 
value of supernumerary chromosomes such as exist in equilibrium in 
many species of plants and animals although mechanically dis- 
favoured. Experimental work has consisted in the study of the effects 
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of temperature, drugs, nutrition and disease in upsetting the spindle, 
in breaking the chromosomes, and in changing the cycle of nucleic 
acid formation and attachment (Barber, Callan and Koller). 

Observations of La Cour on these lines have helped in understanding 
the development of the blood in mammals. Diseased conditions of the 
blood, such as pernicious anemia in man, have shown abnormal 
production and distribution of nucleic acid as between cells of 
opposite types (red and white) and consequently as between their 
chromosomes. In this situation and in its consequences there is an 
analogy with the new observations on Cancer by Koller. These 
enquiries have laid the foundation of a new approach to the study 
of the breakage of chromosomes by X-rays. They have made it 
possible to use X-ray breakage as a means of studying many general 
properties of the physiology of the nucleus. The general conclusion 
is that the breakability and rejoinability of chromosomes depend on 
their nucleic acid charge (Darlington and La Cour). 

New reference books have been published on cytological technique 
and the chromosome numbers of plants. 


Genetics. Dr K. Mather 


The properties and organisation of the polygenic systems, concerned 
in the inheritance of continuously varying quantitative characters, 
have been investigated in a number of plants as well as in Drosophila. 
Change of a character under selection has been related to the balance 
of polygenic combinations (which are carried, at least in part, by the 
heterochromatin), the destruction of this balance by recombination, 
and the correlated responses in other characters where the controlling 
genes are intermingled along the chromosomes. Polygenic balance is 
produced and maintained by natural selection, and decays when 
selection ceases to operate. Thus balance is related to the breeding 
system, for this determines whether homozygotes or heterozygotes shall 
be exposed to selective action. The breakdown of breeding systems 
by hybridisation and selection has shown that they themselves depend 
for their existence on polygenic adjustment, though their immediate 
operation may depend on major genic differences. Isolation in plants 
and animals sometimes depends on the same basic mechanisms which 
determine the breeding systems within species. Methods have been 
developed for the analysis of polygenic variation into its components, 
for the purpose of predicting selective advances. 

The relation of the isolation requirements or crop plants in seed 
production to breeding systems and bee behaviour has been in- 
vestigated, and improvement work has been carried out with 
tomatoes, sweet corn, beans and drug plants. 


Pomology. Mr M. B. Crane 


Work on the improvement of crop plants has been carried out, 
especially with cherries, plums, apples, pears, tomatoes, blackberries 
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and raspberries. Tomatoes have shown useful heterosis. The 
advantages of sexual reproduction in raspberries, to replace vegetative 
reproduction, are being investigated. The problem of rogues in 
tomatoes and in potatoes has been attacked. 

Incompatibility in autotetraploid plants has revealed a complex 
interaction of different S alleles in diploid pollen-grains resulting in 
a suppression of the effect of the S genes in producing incompatibility. 
This suppressed action has been used as a selective method to produce 
triploid forms of apples and pears. 

The natural mutation rate of S alleles has been determined in 
Prunus and Oenothera. On this theoretical basis a method of producing 
self-fertile varieties of fruit trees has been developed. 

Studies on the action of various chemicals on mitosis has led to 
(1) a better understanding of abnormal growth, as in malignant 
tumours and (2) a more effective control of mitosis making the 
induction of polyploidy more easy in such woody and relatively slow 
growing plants as apples and pears. Polyploids of these fruits have 
now been produced. 

Work with plants with excess or deficiency of heterochromatin 
has established the role of this part of the chromosomes in regulating 
cell division. Moreover, the affinity between heterochromatic 
regions, homologous or non-homologous is responsible for secondary 
association of bivalents at meiosis. 


(12) PLANT BREEDING INSTITUTE, CAMBRIDGE 
DR H. HUNTER 


The war years have been devoted to breeding work in wheat, 
barley, oats, potatoes, peas and sugar-beet, and, in addition, to 
practical prot‘’as in connection with the improvement of field 
beans, lucerne, sainfoin, maize and certain grasses. Genetic and 
cytological investigations have been restricted to certain problems 
arising from the breeding work for the most part, but certain other 
plants such as flax and watercress have also been studied. 

Genetics and Cytology. ‘‘ Bolter” plants have been found to be 
genetically distinct from normal plants in one variety of potatoes, 
and the two types of tuber pigmentation are inherited independently. 
Certain species of Solanum are self-incompatible under Cambridge 
conditions (Carson and Howard). 

The inheritance of certain quantitative characters, and some 
anomalous forms of inheritance have been investigated in oats (Carson), 
and the cytology of F, hybrids between certain spring and winter 
varieties has revealed cytological peculiarities (Carson and Howard). 

The date of ear emergence in barley has been investigated physio- 
logically and genetically in a number of crosses, and an explanation 
of progeny behaviour has been put forward (Bell). The inheritance of 
rachilla length has been found to depend on a system of multiple 
factors of an additive nature (Bell and Carson). 
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The amphidiploid Brassica chinensis-carinata has been found to 
behave as a tetraploid ; a new wild species of watercress is an allo- 
tetraploid ; and autotetraploid flax is not amenable to improvement 
in fertility by selection (Howard). 

Breeding. Wheat breeding has been concerned primarily with the 
improvement of winter and spring varieties for general cultivation. 
The new winter variety Steadfast was released in 1939. The economic 
possibilities and best methods of handling interspecies crosses in wheat 
have been investigated (Sir Frank Engledow). 

Oat breeding has included the improvement of both spring and 
winter types. A new winter-hardy hybrid was released in 1940 
(Hunter) and is named Picton. The improvement of spring oats is 
being sought by attention to such characters as grain quality, yield, 
resistance to lodging and frit-fly resistance (Carson). 

Barley breeding has resulted in the production of three new 
hybrids during the war. A strong-strawed spring barley for high 
farming conditions named Camton was released in 1939 (Hunter). 
The first winter-hardy two-row malting barley was put on the market 
in 1943 under the name of Pioneer (Bell), and a winter-hardy six-row 
hybrid named Prefect was released in 1944 (Bell). 

The improvement of field peas has been concerned primarily with 
obtaining high yielding early forms (Bell). By hybridising standard 
English P. arvense forms with multipodded P. sativum forms and early 
forms from Tasmania and Tibet, improved forms have been 
obtained. 

Methods of selection by utilising physiological characters and 
mature plant seeding characters have been investigated in sugar-beet 
breeding. Beta maritima is being studied with the object of including 
this species in the breeding programme (Bauer and Bell). 

Potato breeding has been directed towards obtaining resistance to 
Phytophthora infestans and viruses. Interspecies crosses accompanied 
by successive back-crossing is employed, and promising results have 
been obtained in building up resistance to three biotypes of Phyto- 
phthora (Carson, Dickinson and Howard). 


(13) SCHOOL OF AGRICULTURE, CAMBRIDGE 
SIR FRANK ENGLEDOW 


The potato research scheme of the Imperial Agricultural Bureaux 
is the first of its kind in world-wide crop improvement, in which the 
various Empire countries have co-operated in sending an expedition 
to Central and South America, the original home of the potato, to 
collect as large a range as possible of the indigenous potato varieties 
and in testing them at Cambridge for characters useful for plant 
breeders. Characters such as blight resistance, virus resistance, 
eelworm resistance, frost tolerance, high food value and heat resistance 
are being studied, and already blight resistant and frost tolerant 
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varieties have been selected. The aim is to select out promising 
varieties and to effect various combinations of characters within the 
varieties by hybridization, so that no matter what demands are made 
for material by the contributing countries it would be possible to 
supply the right parental combination. 


(14) SCOTTISH SOCIETY FOR RESEARCH IN PLANT BREEDING, 
CORSTORPHINE. MR W. ROBB 


Cereals. The oat.is the chief cereal plant on which breeding 
experiments are in progress. The main objectives are to produce 
new varieties having a greater degree of resistance to lodging, maturing 
earlier and adapted to upland conditions in Scotland, and having 
considerable resistance to prompt germination at harvest time. 

Potatoes. Throughout the war period, potato breeding has had 
the object of producing improved varieties suitable for cultivation in 
Scotland, and resistant to diseases, particularly blight and the viruses 
X, A, Y and leaf-roll. Potato species indigenous to Central and 
South America have been employed as parents along with certain 
cultivated varieties from Europe and the U.S.A. 

Three different strains of blight have been isolated and used for 
test purposes. Immunity was found to be inherited in Mendelian 
fashion. Many seedlings, immune from all three strains, have been 
bred and are now undergoing trial. Blight resistance has been 
successfully combined with hypersensitiveness to, and hence field 
immunity from, viruses X and A. 

Potatoes (Virus Diseases). Inheritance studies have shown that 
hypersensitiveness to viruses causing mosaic diseases of the potato is 
inherited as a dominant character showing tetrasomic segregations. 
The genes Na, for Virus A, Nx, for several strains of virus X, Nb for 
the B strain of virus X, and Nc for the two strains of virus Y, have 
been postulated as the determinants of hypersensitiveness. The 
relationships of these genes are now being investigated. A positive 
resistance affecting the rate of infection with the leaf-roll virus, though 
heritable, shows no clearly recognisable segregations and is being 
investigated from the aspect of polygenic control. 

Grassland Investigations and Experimental Taxonomy. The scope of 
the above studies has of necessity been severely curtailed during the 
war years, although the spatial distribution of hereditary variation in 
ecospecific populations has received some sporadic attention. The 
study of populations, and in particular intra-clinal population 
differentiation, will be continued as soon as facilities permit. Also the 
breeding of specialised races of Lolium perenne and Dactylis glomerata 
and the fitting of these into appropriate agricultural environments. 

Swedes and- other Brassicas. With Swedes breeding for resistance 
to the diseases Finger-and-Toe and Dry-Rot, for winter-hardiness 
and for higher dry-matter content are the main objectives. With 
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Broccoli attempts are being made to breed improved winter-hardy 
types which are adapted to Scottish conditions. 


(15) THE WELSH PLANT BREEDING STATION 
PROFESSOR T. J. JENKIN 


The primary function of the Welsh Plant Breeding Station has 
been considered to be (1) to produce improved varieties and strains 
of crop plants (including herbage plants) and (2) to make these 
varieties and strains an effective factor in practical agriculture. 

Herbage Grasses. In the pre-war period formal genetical studies 
on the herbage grasses were mainly concerned with the inheritance 
of seedling and other characters in Lolium perenne, Holcus lanatus, etc. 
The work on Lolium was continued during the war on a greatly 
reduced scale. 

Prior to the war, much attention had been given to interspecific 
and intergeneric crosses in the herbage grasses, particularly in the 
two genera Lolium and Festuca. During the war years some valuable 
material has been lost, but many of the original artificially produced 
hybrids and their derivatives are still available. This work will be 
resumed. 

One of the practical problems with which herbage grass breeders 
have to contend is caused by the fact that most of the species studied 
are normally cross-fertilised and that the available plant material is 
highly heterozygous while the range of plant phenotypes within a 
species is very wide yet finely graduated. In addition, morphological 
characters that can be easily observed and evaluated are exceedingly 
few. 

In the production of an improved “ strain” it has not therefore 
been found practicable to isolate “ pure lines” in a strict sense, but 
it is important that, provided no contamination from outside occurs, 
a “strain” should be capable of maintaining its most important 
agricultural characteristics indefinitely when reproduced through 
seeds. Volunteer plants of the same species may appear in a seed 
crop and thus contaminate the “strain” both directly through the 
mechanical mixture of the seed and indirectly through cross-pollination 
between the strain plants and the volunteers. Moreover, a seed crop 
is liable to be contaminated by pollen from fields surrounding the 
seed production area, thus leading to appreciable departure from the 
intended type in the succeeding generations. In many cases the actual 
source of contamination leading to departure from type is not easily 
ascertained, and the farmer-seed-grower is inclined to put the blame 
on the stock seed supplied. A strain must not within itself carry 
genes which may combine to produce the undesired types. 

An experiment was therefore planned before the war to ascertain 
whether the basic plant material of the S.23 Lolium perenne strain does 
carry genes that can produce off-types. A number of S.23 basic 
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plants have been hand-crossed, and selection has been exercised in 
successive generations towards the off-type. The experiment is not 
yet complete, but it is already clear that by selection a definite “ shift ” 
can be effected, but there is reason to believe that this “ shift ’’ has 
definite limits well within the range of variation in the species as a 
whole, so that from these particular “ basic” plants the “ off-types ” 
met with during the multiplication cannot originate within the 
strain itself. 

This particular strain also possesses another characteristic that 
is of great importance in relation to the value of the strain. This 
characteristic is easily seen but exceedingly difficult to define, and, 
taking the species as a whole with a wide range of variation and fine 
gradations, only relative observations can be made. It would seem 
that here also several if not very many genetic factors are involved. 

It is then interesting to note that whereas in respect of the first 
characteristic, a definite though limited “ shift” can be effected by 
selection, this is not accompanied by an equivalent “ shift” in the 
second characteristic. In itself the first is of little if any agricultural 
importance, while the second is agriculturally very important. Thus 
it seems probable that the strain can be stabilised at the extreme limit 
of its “shift”? with regard to one characteristic without materially 
affecting the other and more important. 

Herbage Leguminous Plants. The pre-war work of the late R. D. 
Williams on Trifolium species is well known, particularly his work on 
the genetics of sterility in Trifolium pratense. At the International 
Genetical Congress at Edinburgh in 1939 he briefly described some of 
his later results, but he was not destined to carry this work farther. 
Fortunately, the data upon which that account was based are avail- 
able, and it is expected that shortly his successor in the Clover 
Breeding Department will be able to publish the results in full. 

Oats. Prior to the war, E. T. Jones pursued the study of 
“ fatuoids ” in oats, and certain aspects of this work were still under 
investigation when war intervened. In this he had been joined by 
W. Ellison of the Department of Agricultural Botany who studied 
the cytological aspects of the problem. A fair amount of work had 
also been done on the correlation between several pairs of characters 
In Oats. 
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INTRODUCTION 


NATURAL populations of Drosophila pseudoobscura and of the related 
species, D. persimilis (formerly known as race B) and D. miranda, 
show a remarkable variability in the gene arrangement in their 
chromosomes. The variations are due to inversion of chromosome 
segments ; the third chromosome is for unknown reasons much more 
variable than the rest. Two, or as many as seven, gene arrangements 
of this chromosome occur in the populations of D. pseudoobscura in 
most, though not in all, localities in which the species is found. 
More than half of the wild individuals are inversion heterozygotes. 
The distribution in space of the gene arrangements is by no means 
uniform. A given arrangement may occur commonly in some 
geographic regions but rarely in others. No one arrangement is 
found throughout the distribution area of the species ; hence, there 
is no “ normal” or “ wild-type ” arrangement. 

The relative frequencies of a given gene arrangement often vary 
regularly from region to region and thus produce geographic gradients 
or clines (Dobzhansky and Sturtevant, 1938; Dobzhansky and 
Epling, 1944). Moreover, the frequencies have been found to vary 
not only in space but in time. Population samples taken at intervals 
of several months in the same locality often show significant differences 
in composition. A special study of temporal variations was under- 
taken at three localities on Mount San Jacinto, California. These 
localities, Keen Camp, Pifion Flats and Andreas Canyon, are 10 to 
15 miles apart, but lie at different elevations and represent three 
very different ecological situations. Population samples were collected 
at approximately monthly intervals during the breeding seasons in 
four consecutive years, 1939-1942. 

As previously reported (Dobzhansky, 1943), the gene arrangements 
not only differ in frequencies at each locality, but the monthly change 
in frequency of at least two arrangements was found to be cyclic 
and associated with the seasonal cycle at Pifion Flats and Andreas 
Canyon. It was postulated that these cyclic changes are the result 
of natural selection whereby the arrangements better adapted to the 
conditions which prevail during a given season increase in frequency 
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as the season advances. This hypothesis, which was derived from 
observations of wild populations, has since been confirmed by 
experiments of artificial models of populations bred in specially 
constructed cages (Wright and Dobzhansky, 1946). It was found 
that inversion homozygotes and heterozygotes may differ strikingly 
in adaptive value, and that heterozygotes are favoured over both 
homozygotes. Therefore, the artificial populations undergo changes 
which result in reaching an equilibrium at which all the gene arrange- 
ments are preserved to some extent. It was also found that the 
adaptive value of a given gene arrangement may differ with different 
temperatures: the changes observed were at temperatures around 
25° C., but none were found at 16+5° C. 

The cyclic changes referred to above were found at Pifion Flats 
and at Andreas Canyon and have remained relatively constant from 
year to year between 1939 and 1946. In other words, there has been no 
significant change in trend. At Keen Camp the situation is different. 
During the same period the population there has remained relatively 
constant in composition from season to season, but the frequencies 
of gene arrangements have changed from year to year and are now 
quite appreciably different from what they were in 1939. In other 
words, instead of a seasonal cyclic change there is a directional trend. 
The causes of this phenomenon are still obscure, but the fact that 
changes of this sort may occur in natural populations is of great interest. 
The relevant data are reported in this paper. 

This investigation has been supported in part by a grant from the 
Carnegie Institution of Washington. However, it was made possible 
only thanks to the friendly co-operation of Professor Carl Epling and 
Mr Alexander Sokoloff, who have collected population samples in 1945 
and 1946 as well as some of those in 1939-1942. The assistance of 
Miss Irene Markreich, Mr Bruce Wallace and Mr Boris Spassky in 
culturing the flies and in the preparation of slides of the salivary glands 
is gratefully acknowledged. 


MATERIAL AND TECHNIQUE 


The San Jacinto Range is one of several separating the Colorado 
desert from the coastal plain of Southern California. Keen Camp 
lies at an elevation of approximately 4400 feet on the northwestern 
shoulder of the mountain, in the ponderosa pine belt. The locality 
at Pifion Flats is only about 500 feet lower than Keen Camp, but lies 
on the desert slope and supports a very different vegetation dominated 
by the pifion pine. The elevation of Andreas Canyon is 800 feet ; it 
is located on the desert’s edge at the foot of the mountains. The most 
conspicuous member of its vegetation is the palm, Washingtonia filifera. 
More information regarding the environment of these localities may 
be found in the paper of Wright, Dobzhansky and Hovanitz (1942). 

The collections of 1939 were made at five stations at Keen Camp 
and at two stations each at Pifion Flats and Andreas Canyon. A 
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“station” is at most an area 100 yards in diameter. The distances 
between stations within a locality are from 200 yards (Andreas) to 
24 miles (Keen Camp). The localities are at most 15 miles apart. 
In i941 and 1942 population samples were taken mainly at only one 
station in each locality. In 1945 and 1946 the collections were made 
at the stations Pifion A and Keen A or Keen D (see Wright, 
Dobzhansky and Hovanitz, 1942). The data for 1939-1942 have 
been published (Dobzhansky, 1943). As shown in that paper, the 
relative frequencies of the gene arrangements in the populations of 
different stations within a locality are usually similar. Furthermore, 
a study of the dispersion rates of the flies (Dobzhansky and Wright, 
1943) has shown that interchange of individuals between populations 
within the area of a locality is so rapid that no permanent genetic 
differences between the stations are likely to be established or main- 
tained. It is, therefore, legitimate to treat the localities as units so 
far as the frequencies of the gene arrangements are concerned. 

Females collected in nature were placed singly in culture bottles 
and allowed to produce offspring. Hence, examination of any larva 
from the offspring of a female permits the determination of the gene 
arrangements in two homologous wild chromosomes. Wild males 
were also crossed in individual cultures to females from a homozygous 
stock of known chromosomal structure. In this case examination of 
seven larve from each culture permits determination of the gene 
arrangement in two homologous chromosomes of the father, subject 
to one chance in sixty-four of mistaking a structural heterozygote 
for a homozygote. 


SEASONAL CYCLES AND THE ABSENCE OF A YEAR-TO-YEAR 
TREND AT PINON FLATS 


The data for the Pifion Flats population are summarised in table 1. 
Five gene arrangements in the third chromosome were found in this 
TABLE 1 


Percentage frequencies of the gene arrangements in different samples at PINON FLATS : 
ST=Standard ; AR=Arrowhead ; CH=Chiricahua ; TL=Tree Line 








Monthand st AR CH TL 2 | MonthandYear ST AR CH TL a 
April 1939 . 50°8 29:5 13:1 66 61 April 1941... 582 20°0 17°93 4°5 110 
May 1939 . 27°99 35°8 30:0 6-3 240 May 1941 . . 44°0 28:0 24:0 4:0 100 
June 1939 . 29°99 35° 30°5 4°55 154 | Jume 1941. . 32°9 32°3 32°3 26 192 
Aug. 1939 . 35°9 33°3 25°60 5°1 156 Aug. 1941. . 51°9 21°3 25:9 og 108 
Sept. 1939 . 5r°zr 226 23:2 3:2 190 Sept.-Oct. 1941 . 56:2 1883 16:3 8-7 80 
Oct. 1939 . 54°6 25°4 166 3:5 264 Nov.-Dec. 1941 . 45°09 24°0 24°0 7:0 100 
Mar. 1940 . 44°6 20°2 gor 5°:2 386 April 1942. . 520 21°6 196 7:8 102 
Apr. 1940 . 34°7 28:4 33°5 3°4 176 May 1942 . . 480 17°0 25:0 10°0 100 
May 1940 . 28:2 27:2 396 5:0 202 | Jume1942 . . 29°38 228 4qo- 70 II4 
June 1940 . 24:1 30:0 41°8 4:1 170 July 1942 . - 41°99 21°8 go: 5°6 124 
Sept. 1940 . 34°6 25:0 37°5 2°9 104 April 1945. =. $2°7: 31°3. 34° 20-252 
Nov. 1940 . 37°5 32°5 26:3 3°7 40 Mar. 1946. . 56:5 183 183 7:0 558 
Mar. 1941 . 56°4 10°9 23°6 g‘I 110 June 1946 .  . 26:2 23°38 43:8 6:2 500 
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population : Standard (henceforth abbreviated ST), Arrowhead (AR), 
Chiricahua (CH), Tree Line (TL) and Santa Cruz. The last-named 
is very rare, amounting to only 0-5 per cent. of the total ; in table 1 
the Santa Cruz chromosomes are grouped with the TL chromosomes. 
For descriptions of the diagnostic features of these gene arrangements 
and other relevant data see Dobzhansky and Epling (1944). 

Among the 4853 chromosomes studied from Pifion Flats, 40-70 
per cent. were ST, 25-14 per cent. AR, 29°05 per cent. CH and 
5*11 per cent. TL (and Santa Cruz). Examination of table 1 shows 
that the frequencies of the gene arrangements vary from month to 
month, and furthermore that the variation is regular and cyclic. In 
each of the years 1939, 1940, 1941, 1942 and 1946 the minimal 
frequency of ST chromosomes was reached in the month of June and 
the maximal either in late autumn or in early spring. The maximal 
frequencies of CH chromosomes, on the contrary, occurred invariably 
in June, while the minima fell either on late autumn or on early 
spring. The variations of AR and TL are irregular. 

The statistical significance of the seasonal variations is beyond 
question. Chi-squares have been computed for the differences between 
months within each of the years 1939, 1940, 1941 and 1942; all 
these chi-squares have probabilities of 0-o1 or less of occurrence by 
‘chance (in these calculations three classes of chromosomes were 
distinguished, namely ST, CH and others). The difference between 
the samples taken in March and in June of 1946 is likewise highly 
significant. Summing up the data by months of collecting, one 
obtains the following figures that describe the seasonal trends in the 
frequencies of the gene arrangements (table 2). The frequency of 


TABLE 2 


Seasonal variation of the frequencies of the gene arrangements 
at PINON FLATS (in per cent.). Averages of 1939-1946 








Month ST AR CH TL 
March . , ‘ ; . ‘ 52°1 18-2 » & 65 
April ‘ ; ; ; ‘ : 40°3 27°7 28°2 37 
May : ; , ‘ : : 33°6 29'0 31°3 ‘I 
June ‘ ‘ : , ° ° 27°9 27°6 39°4 5'1 
July , ; . ‘ : ‘ 41'9 218 30°6 56 
August ‘ ; : ; : 42° 28-4 258 3°4 
September . : p ‘ ‘ 47° 22°5 25°7 4°3 
October-December . ‘ ‘ , 49°6 26°3 19°83 4°3 























ST falls, and that of CH rises, during spring; a reverse change 
occurs during summer ; no appreciable alterations take place during 
autumn and winter. 

A possibility now to be examined is that, superimposed on the 
cyclic seasonal variations, there may exist a more sustained trend of 
change in frequencies. One attempt to approach this problem was 
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made by comparing the frequencies in the totals for the different years 
of collecting, and very significant differences between these frequencies 
were found (Dobzhansky, 1943). But a drawback to this method is 
that samples taken in the same months of different years were not 
equal in size. Since seasonal changes in the frequencies of the gene 
arrangements are known to occur, the differences between the yearly 
totals may accordingly be spurious at least in part. A better method 
would be to compare the frequencies observed during the same 
months in different years. The period of collecting at Pifion Flats 
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Fic. 1.—Relative frequencies of chromosomes with different gene arrangements on different 
months in the population of PINON FLATS. Ordinates—frequencies in per cent. ; 
Black columns—ST chromosomes ; white columns—AR chromosomes ; and hatched 
columns—CH chromosomes. Combined data for all the years when collecting has 
been made. 


was from March to December (table 1). Comparison of samples 
obtained in March, April, June, August, September and October- 
December of different years was therefore made (only one sample 
was obtained in July of 1942). These comparisons disclose what are 
undoubtedly significant differences for March, April, May, August 
and September (chi-squares corresponding to probabilities of 0-o1 or 
less). The samples collected in June are not significantly different 
(chi-square 15°75, which for 8 degrees of freedom has a probability 
of about 0°05), and the same is true for the October-December 
samples (probability about 0-06). 

Thus data show that the composition of the Pifion Flats population 
at comparable seasons of successive years, although not identical, 
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nevertheless has no consistent trend. The year 1940 to be sure, 
showed higher frequencies of CH and lower ones of ST than observed 
either in 1939 or in 1941-1946. But the situation was reversed in 
1941, when the frequencies of ST tended to be higher and of CH 
lower than in other years, although this difference is less marked 
than the one observed in 1940. Apart from 1940 the samples taken 
in corresponding months of different years prove to be fairly similar 
in composition. The chi-squares and their probabilities for the 
frequencies of ST on different years are as follows :— 








a Degrees of 

Months x ye ng P 
March : ‘ ‘ 2°39 2 ogy 
April ‘ , ‘ 3°43 4 05 
May . ; ; . 20°97 0°002 
June. ; . ‘ 14°31 6 0°03 
August : : 9-38 2 O’ol 
September . ‘ k 1°90 2 05 
October-December. 3°61 2 O15 




















Only in May, June and August are significant year-to-year 
differences observed. These months are, of course, the times when 
the seasonal changes are most rapid, and hence irregularities in 
different years are most liable to occur. The reason why the year 
1940 showed exceptional frequencies of gene arrangements both at 
Pifion Flats and at Andreas Canyon (see below) is a matter of 
speculation. It was a dry year but not exceptionally so. On the 
other hand, 1941 was a very wet year, and in mid-summer of 1941 
Drosophila pseudoobscura was more abundant at Pifion Flats than 
during any other year of collecting. The fact that ST chromosomes 
were relatively more common in 1941 than in 1940 and that CH 
chromosomes showed the opposite relationship is, then, not unexpected, 
since in every year ST are relatively more common in spring and CH 
in summer. 

The absence of a sustained trend during the years of collecting at 
Pifion Flats is perhaps more apparent if one compares the collections 
made in 1945 and 1946 with those made earlier. The collection in 
1945 was made on goth April, and therefore it can be properly 
compared with the data either for April or for May of other years. 
Now, the frequency of ST in this collection is about 33 per cent. 
and of CH about 34 per cent. These frequencies are not significantly 
different from those observed at Pifion Flats in April 1940 or in May 
of 1939. The March 1946 collection contained about 56 per cent. 
ST and 18 per cent. CH. This coincides as well as could be expected 
with the result obtained in March of 1941 and in April of 1939 and 
1942. Finally, in June 1946 a high frequency of CH, 44 per cent., 
and a low one of ST, 26 per cent. was found. This compares very 
closely with the data for June of 1940. 
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Because no collecting has been done in Andreas Canyon since 
1942, and because the data to 1942 have been published previously 
(Dobzhansky, 1943), the situation in this locality can be dealt with 
only briefly here. Among the 3813 third chromosomes examined 
from Andreas Canyon, the frequency of ST is appreciably higher 
(57°6 per cent.) and that of CH lower (15-3 per cent.) than at Pifion 
Flats. Quite striking seasonal changes in the frequencies of ST and 
CH have been recorded. The frequencies of ST decline and of CH 
increase from March to June. Very few flies can be collected at 
Andreas from mid-June to August, but when the population begins 
to increase in numbers in September, ST chromosomes are found to 
have reached a high and CH a low frequency. No changes occur 
during autumn and winter. The cycle is, then, parallel to that 
observed at Pifion Flats. Significant variations in frequencies of 
the chromosomal types have been observed from year to year, but 
again, as at Pifion Flats, they were found almost entirely in 1940. 
During the spring of 1940 the frequencies of CH were consistently 
higher and of ST lower than during the corresponding months of 
1939, 1941 and 1942. But no consistent trends can be discerned 
at Andreas for the whole period. 


DIRECTIONAL CHANGES IN THE KEEN CAMP POPULATION 


Among the 6634 third chromosomes of the Keen Camp population, 
33°7 per cent. were ST, 23-8 AR, 38-0 CH, 4:3 TL and o-2 Santa 
Cruz. Thus ST chromosomes are commonest at Andreas, less so at 
Pifion and least common at Keen. The reverse sequence is true of 
CH chromosomes; AR and TL chromosomes are about equally 
common in the three locations. 

The data for Keen Camp are summarised in table 3. No seasonal 
changes comparable in magnitude and regularity to those known at 
Pifion Flats and Andreas Canyon are apparent at Keen. A statistical 
analysis can be made by examining the degree of homogeneity of the 
samples taken in different months of the same year. The results 
obtained are as follows (AR, TL and Santa Cruz chromosomes are 
combined for the purpose of the calculations) :— 











Year An 
1939 12°03 10 0°3 
1940 22°37 10 0-01 
1941 I1‘O1 6 0°09 
1946 8-14 2 0-02 

















Significant changes from month to month were observed in 1940, 
but apparently not in 1939 or 1941. The samples taken in April and 
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in June of 1946 are also significantly different. Reference to table 3 
shows, however, that the changes in 1940 are not quite comparable 
to those familiar at Pifion Flats and Andreas Canyon ; at Keen there 
was a steady increase of ST from at least May till September 1940, 
and a steady drop in the frequencies of CH. The following winter 
apparently led to a decrease in ST and a rise in CH, for in May of 
1941 the population had again a composition approximately like 
that of June and July of 1940. The year 1940, it will be recalled, 
produced unusual phenomena also at Pifion Flats and at Andreas 
Canyon. The change between April and June of 1946 was, if taken 
at face value, the same as expected in Pifion and Andreas populations 
at that season, namely an increase in CH and a drop in ST. 

In contrast to the weakness and irregularity of the seasonal 
changes at Keen Camp is the consistent directional trend. Examina- 
tion of table 3 shows that from 1939 to 1942 there was at Keen Camp 


TABLE 3 


Percentage frequencies of the gene arrangements in different samples at KEEN CAMP ; 
ST=Standard ; AR=Arrowhead ; CH=Chiricahua ; TL=Tree Line 


























| —— ot el a a he 
April 1939 )=««.-—« 32°5 Ss 3O0-s-82°5) «50 go | May 1941. » os 29°4 37°99 36 248 
May 1939. 32° «285 36°20 2°7 «298 | June 1941. 38-3 176 39°73 48 
June 1939 )— «ws « 24°8 «0°83 gxr'2 3:2 «718! July 1941 . 35°4 27°2 33:5 3:8 158 
July 1939 . 286 29°3 37°3 4°38 566) Sept. 1941 38:2 25°0 32:4 4:4 68 
Aug. 1939 =. -29°5)-30°5) -37°6 24 210 
Sept.-Oct. 1939 26°0  35°7 35°1 3°2 154| Total 1941 34°7 24°! 37°1 4'1 764 
Total 1939 )=. 27°8_)-—-30°4 «383 «3°5 «1986| April 1942 45:1 17°6 29°4 7:8 102 
May 1942 45°2 14°7 33°3 6-9 102 
April 1940 . 30°6 22:8 42-7 3:9 464| June 1942 28:2 15:4 46:4 10°0 110 
May 1940. 26°81 221 47'r 4°0 526| July 1942 26:0 18:0 52:0 4:0 100 
June 1940 =. 31°9:-(-20°7 43°4 4:0 728 
July 1940 =. 34°5 248 -37°4 3°3 «452 Totaligg2 36:0 16:4 403 7:2 414 
Aug. 1940 . 37°6 264 31°5 4:5 178 
Sept. 1940 . 41-2 17% 324 88 34] April1945 qo 22:2 29:2 7:6 288 
April 1946 52:0 15°5 23°7 8-8 4oo 
Total 1940 =. 31°5 «226 41-9 4:0 238| June 1946 48:0 15:0 32°5 4°5 400 














a steady increase in the frequency of ST (from 28 per cent. in 1939 
to 36 per cent. in 1942) and a drop in AR (from 30 per cent. in 1939 
to 16 per cent. in 1942). This trend is highly significant statistically 
(x? = 43°82, probability for 6 degrees of freedom less than 0-001). 
No samples were taken in 1943 and 1944. The sample of late April 
1945 suggests that the trend continued during the intervening 
period, for ST chromosomes reached a frequency of 41 per cent. ; 
AR chromosomes were as frequent as they were in 1940 and 1941, 
but CH showed the very low value of 29 per cent. The samples 
taken in 1946 demonstrated a further change in the same direction : 
ST rose to 50 per cent., AR dropped to 15 per cent. and CH to 
28 per cent. If only the data for 1942, 1945 and 1946 are taken into 
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account, the alteration is still highly significant (x? = 32-21, prob- 
ability for 4 degrees of freedom less than 0-001). To eliminate the 
possible influence of whatever seasonal changes occur at Keen Camp, 
the degree of heterogeneity was measured among samples taken 
during the same months on different years. The results are as 
follows :— 
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Fic. 2.—Relative frequencies of chromosomes with different gene arrangements on different 
years in the population of KEEN CAMP. Ordinates—frequencies in per cent. ; Black 


columns—ST chromosomes ; white columns—AR chromosomes ; and hatched columns 
—CH chromosomes. 


The heterogeneity is significant except for the months of August 
and September-October. However, samples in August were taken 








2 Degrees of 
Month x tt al r 
April , ‘ R . 53° 8 <o-oo!r 
ay ‘ i‘. % ° 15° 6 0°02 
June ‘ ‘ ‘ ‘ 79°6 8 <o-oo1 
July ; ‘ ‘ ‘ 16°3 6 o'oI 
August. ‘ ‘ ° 3°05 2 0°22 
September-October_ . , 566 4 0°23 




















only on two successive years (1939 and 1940), and the September- 
October samples are small. The year-to-year trend is unquestionably 
real, 

DISCUSSION 


The cyclic changes in the frequencies of gene arrangements which 
occur in the populations of Pifion Flats and Andreas Canyon are 
associated with the seasonal succession (Dobzhansky, 1943). Experi- 
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ments on artificial populations bred in population cages have 
demonstrated that flies which carry different gene arrangements 
differ in adaptive value, inversion heterozygotes being favoured more 
than the homozygotes (Wright and Dobzhansky, 1946, and un- 
published data). The observed cyclic seasonal changes are the result 
of natural selection, the wild populations reacting to seasonal alterations 
of their environment. 

Although cyclic seasonal changes in frequency are very striking 
at Pifion Flats and Andreas Canyon, they are small or absent in the 
population of Keen Camp. This can mean either that the succession 
‘of seasons at Keen Camp is for some reason insufficient to provide 
the stimuli which induce the changes in the populations less than 
15 miles away, or that the chromosomes of the Keen Camp population 
differ in genic contents from those at Pifion Flats and Andreas Canyon. 
Experiments which may suggest a choice of these alternatives are 
under way, but for the time being the question must be left open, 
In any case, the Keen Camp population has a great genetic plasticity, 
since it is responding by a directional rather than a cyclic change. 
The former has continued for several successive years. It is highly 
probable that it also is the result of natural selection, although the 
specific factors producing it are still a matter for speculation. 

Forest fires swept through parts of the Keen Camp locality and 
adjacent territory twice in 1941 and again in 1942. Because of partial 
destruction of the forest cover one would expect the environment of 
Keen Camp to have approached somewhat the conditions which 
exist normally at Pifion Flats, particularly in respect of the differences 
between the moist and dry periods of the growing season. Now, in 
1939 the Keen Camp population contained relatively more CH and 
fewer ST chromosomes than the yearly average for the Pifion Flats 
population. In 1945 and 1946 the reverse was true: the yearly 
average of the frequency of ST at Pifion Flats was lower than at Keen 
Camp. But it is known that the composition of the Pifion Flats 
population varies greatly from season to season, CH chromosomes 
increasing in frequency during spring and ST during the summer. 
The composition of the Keen Camp population in 1939 was similar 
to that of Pifion Flats during the month of June, while in 1946 it 
resembled the status of the Pifion Flats population from August to 
March. One might conclude, therefore, that greater aridity at 
Keen Camp caused by burning produced a change analogous to 
that which regularly takes place at Pifion Flats during summer. 
This conjecture is neither confirmed nor invalidated by the fact that 
the data for Keen Camp, if taken at face value, suggest that the 
directional changes in this locality began before the fires of 1941 
and 1942. 

Another possibility is that the fly population which lived at Keen 
Camp in and before 1939 has for some reason been displaced by 
immigrants from the more arid Pifion Flats region. The forest fires 
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may or may not have been instrumental in the displacement. On 
that assumption one might expect that the composition of the Keen 
Camp population would change from season to season in 1946, 
although it did not do so in earlier years. Accordingly, samples were 
collected at Keen Camp in mid-April and in late June of 1946 
(table 3). The frequencies of the gene arrangements in these samples 
proved to be significantly different, but the alterations which occurred 
between April and June of this year are not completely analogous 
to those which take place during the summer at Pifion Flats. The 
frequency of CH increased but that of ST fell only slightly ; there 
was an apparent fall in the frequency of TL chromosomes which 
has no counterpart at Pifion Flats. Therefore, there is no reliable 
evidence that the Pifion Flats and Keen Camp populations have 
become alike in genetic constitution. The fact that the Pifion Flats 
population in late spring and in early summer of 1939 resembled 
that of Keen Camp might as easily lead to the supposition that the 
seasonal changes at Pifion Flats were due to immigration of flies 
from the flourishing Keen Camp populations. But there are several 
reasons why this supposition is unacceptable (Wright and Dobzhansky, 
1946) ; it is ruled out completely because the seasonal changes at 
Pifion Flats in 1946 conform to those of 1939, although the composition 
of the Keen Camp populations have changed during the intervening 
years. 

The seasonal changes in Drosophila pseudoobscura at Pifion Flats 
and at Andreas Canyon resemble those discovered in D. funebris by 
Dubinin and Tiniakov (1945, 19462). An analogue of the non- 
seasonal change at Keen Camp may perhaps be found in the differences 
between the rural and urban populations of D. funebris observed by the 
same authors (19465). Changes in the degree of urbanisation produced 
in a locality by war and other causes seem to be reflected in the 
composition of D. funebris populations. 

Inversion heterozygotes of D. pseudoobscura are adaptively favoured 
as opposed to homozygotes. This circumstance makes the populations 
of this species very plastic and responsive to spatial as well as to 
temporal variations in the environment. But the genetic changes 
that take place in response to these variations do not lead to a 
depletion of the store of variability present. 


SUMMARY 


A directional change in the frequency of gene arrangements of 
the third chromosome of Drosophila pseudoobscura took place in the 
population at Keen Camp, Mount San Jacinto, California, between 
1939 and 1946. The relative frequency of the Standard gene arrange- 
ment increased at the expense of the Arrowhead and Chiricahua 
arrangements. It is probable that this change was caused by natural 
selection, although it is a matter of speculation as to what environ- 
mental agents brought the change about. 
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No directional changes occurred between 1939 and 1946 in the 
population of the Pifion Flats locality which lies less than 15 miles 


in the relative frequencies of the gene arrangements, and its composition 
place in 1940 which is not known to have occurred since. 
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COLOUR INHERITANCE AND SEX DETERMINATION 


IN LEBISTES 


By @. WINGE and E. DITLEVSEN 


Carlsberg Laboratory, Copenhagen, Valby 


GENERAL INTRODUCTION 


ABouT 25 years have passed since the small, viviparous tropical 
teleostean fish, Lebistes reticulatus, was first employed for genetic studies. 

Lebistes reticulatus (Peters) Regan, the “ millions fish” or “‘ guppy ” 
is well known to all aquarium fanciers. It is characterised by a very 
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Fic. 1.—The effects of some colour genes in males of Lebistes reticulatus ; at the left are 
seen some of the “‘ absolutely Y-linked ” genes; at the right some genes that may 


occur in X as well as in Y. 


conspicuous sex difference. 
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The female is normally about 5 cm. 
long, the male only about 3 cm., and the difference is rather pronounced 
in other respects also. Thus the male is more slender, and its anal 
fin is transformed into a copulating organ. Further the colour of the 
female is generally a rather inconspicuous greyish-brown, whereas 
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the male is provided with beautiful red, yellow and black spots and 
configurations on the body and often on the dorsal and caudal fins 
too ; the caudal fin may also be elongated. 

The studies carried out on Lebistes concern the inheritance of the 
colour pattern and sex determination. Lebistes reticulatus has the male 
with XY and the female with XX. It was the first organism in 
which a Y-linked inheritance was demonstrated (Schmidt, 1920 ; 
Winge, 1921) ; two rather different colour patterns, Jr and Ma, 
were found on crossing two strains continually to be transmitted 
from father to son, grandson and so on, and never to be inherited 

through the mother. Subsequently by 

Xx Y thorough genetic analysis more than 20 
colour genes have been demonstrated 

ey (Winge, 1922, 1927 ; Blacher, 1927, 1928; 

Kirpichnikow, 1935). Most of them are 

X-linked or Y-linked (see fig. 1). The 

~ Co weeee genes are dominant in the male. The female 
normally presents no colour pattern, even though 


— wf J veseee it possesses genes for colour homozygotically. 
Crossing-over between X and Y has been 
[. demonstrated in several cases (Winge, 1923, 1927, 
“hie on 1934). It was found that some genes are always 


Y-linked, while others may occur in X as well 

as Y. The Y chromosome of the male Lebistes 

" contains always one of the absolute Y-linked genes 

Vi eas that are to be looked upon as allelomorphs, ¢.g. 

Ma, Ir, Pa or Ar. Other genes—as for instance 

ee x L cm Ti, Lu, Co, Vi, El—may occur in X as well as 

in Y. It has been possible to map the sex 

chromosomes (see fig. 2). The maximum cross- 

Fic. 2.—Map showing over percentage was found to be only 10. It is 

uae reasonable to assume that X and Y are mostly 

homologous, as exchange of genes may take place ; 

and the difference between them may hardly amount to much more 

than the one gene, Ma, or its allelomorphs. Possibly the colour gene 

itself is identical with a superior male-determining gene ; possibly the 

genes are merely strongly linked. So far it has not been possible 

to demonstrate any morphological difference between the X and Y 

chromosomes. All the chromosome pairs—a total of 23—are very 
nearly of the same size. 

Genes located in the autosomes are ebrinus, concerning a special 
colour pattern of the male (Winge, 1927), Gold and Blond, concerning 
the ground colour of the entire body in both sexes (Haskins and 
Druzba, 1938; Goodrich, Josephson, Trinkaus and Slate, 1944), 
and some genes that have nothing to do with the colour pattern. 

X-linked and Y-linked inheritance of colour genes and crossing-over 
between X and Y have been found also in some kindred fishes : 
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Aplocheilus (Aida, 1921) and Platypoecilus maculatus (Bellamy, 1928 ; 
Fraser and Gordon, 1928-29 ; and Gordon, 1927). The latter has 
female heterogamy in domesticated stocks whereas male heterogamy 
has recently been observed in wild populations (Gordon, 1947). 

The sex determination and the localisation of the sex genes in 
Lebistes have been elucidated especially by studies on XX males 
and XY females which have now and then appeared in the material 
(Winge, 1932, 1934). Sex-determining genes of differing potency, 
some pulling in a female direction, others in a male, are found 
distributed over a majority of the autosomes. The Y chromosome 
contains a strong male-determining gene closely linked to, or 
perhaps identical with, the absolutely Y-linked colour gene. Prob- 
ably the X chromosome has a corresponding female-determining gene. 

Here it will be appropriate briefly to mention the appearance of 
XX males. As stated above, the female Lebistes is colourless even 
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Fic. 3.—A cross between an XCo,V¥i XCo,vi female and an X7i,zu Ya male, giving in 
addition to ordinary XY males three Xco,vi X7i,Lu males 


though she possesses genes for colour pattern. Within certain races, 
however, the female may sometimes show a trace cf colour pattern, 
which might possibly be interpreted as evidence of a certain degree 
of masculinity. It must be pointed out, however, that as a rule the 
sexual differentiation in males and females is very clear-cut in Lebistes. 
Only exceptionally are hermaphroditic or intersexual individuals 
observed. In this respect there is a pronounced difference between 
Lebistes and, for instance, Lymantria. Crossing of two races, in which 
some of the females had a tendency to show colouring, gave—besides 
about 50 females and 55 XY males—3 deviating males, who quite 
unquestionably had the formula XX (see fig. 3). Through inbreeding 
for several generations (back-crossing of the daughters to XX males) 
we finally obtained a race with about 50 per cent. XX males and 
50 per cent. XX females. 

The origin of the XX males has to be explained as due to the 
accumulation of so many male-determining genes in the autosomes 
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that the development could proceed in a male direction even in the 
absence of Y. As the outcome is equal numbers of coloured XX males 
and uncoloured XX females, and as the inheritance of the X-linked 
genes is now no longer sex-linked but merely Mendelian, we may 
reasonably assume that now a pair of autosomes has become decisive 
in sex determination. The new sex balance was less firmly established 
than the normal. It was rather susceptible to external factors, so 
that in a cold and dark season there were rather considerable devia- 
tions from 50 per cent. of either sex. 

In another Lebistes family on one occasion XY females appeared. 
Crossing of a female of the formula Xp Xo (i.e. with no colour genes 
in the X) with a male of the formula X,; Yy, gave—besides several 
ordinary X,; Xo females and X, Yy, males—a few females with a 





2 Xo Yma @ Xq Tn 
4 ™, 
—) cE 
48 08 Xy XM 3h 88 Xq Yura 
25 8? Xo Vpn 22 &¢ Yu, Yp, 


Fic. 4.—A cross between an XY female and an XY male. 


spot on the dorsal fin which presumably was due to the Ma gene. 
By crossing such females with males containing another gene in the 
Y chromosome it could be shown that the females actually had the 
formula X_ Yy, (see fig. 4). This, as will be noticed, resulted 
among others in viable Y,,, Yp, individuals, which, on crossing with 
ordinary females, gave entirely male progeny. 

The origin of XY females is explainable like that of XX males ; 
but here it is XY individuals which have accumulated so many 
female genes in the autosomes that, in spite of the presence of the 
strong sex-determining gene in Y, the development has changed into 
a female direction. That YY individuals may be viable and fertile 
agrees very well indeed with the fact that the crossing-over experiments 
have shown the difference between X and Y to be slight. 
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As emphasised in 1934 it should be possible by suitable inbreeding 
to obtain a change in the mechanism of sex determination which 
would result in a strain with XY females and YY males, and thus we 
should obtain a change from male heterogamy to female heterogamy. 
For this purpose the inbreeding was continued, and thus we made 
an interesting discovery. Even though the Y,, Yp, males were fully 
viable and fertile the Yy, Yy, type was lethal, which must be due 
to a recessive lethal gene in the Y chromosome, close to the Ma gene. 
Naturally this lethal gene contributes to maintain the normal sex 
determination within the Y,,, race (Winge and Ditlevsen, 1938). 

The main points as to the distribution of the genes on X, Y and autosomes in Lebistes 


and as to the manifestation of the genes as hitherto observed may be summarised as 
follows :— 





Gene manifestation 








observed in 
Genes Inheritance 
Males Females 
Maculatus Y xY¥, Y¥ XY 
Pauper . , ‘ ‘ ; ; ‘ b XY, YY 
Armatus, Oculatus, Iridescens, Aureus,  ¢ XY 


Variabilis, | Ferrugineus, Sanguineus, 
Gladigerens, Bimaculatus 
Coccineus, Vitellinus, Tigrinus, Luteus ‘ X and Y XY, XX 
Cinnamomeus, Minutus, Elongatus, Solaris, X and Y XY 
Lutescens, a 








Lineatus . ‘ ‘ . i . | X(and Y?)) XY, XX 

Flavus . | X (and Y?)) XY, XX XX 
Gold, Blond, Coccus Abnormis, Curvatus . | Autosomes XY xX 
Zebrinus ‘ . | Autosomes XY, XX 














1. Y is never empty for colour genes. At least one colour gene is present ; while X and 
autosomes may be empty. 

2. All genes are dominant in males, except the two autosomal recessives—Gold, Blond, and 
probably also the autosomal Coecus and Abnormis. 

3. X-linked colour genes except Flavus never manifest themselves in females, not even 
when homozygotically present. 

4. Old females may sometimes faintly show the colour genes which normally appear only 
in males. 

5. YY males with two identical Y-chromosomes are probably always lethal. This, how- 
ever, has so far only been demonstrated in Ya Y Ma. 


In Aplocheilus latipes Aida has reported XY females as well as XX 
and YY males, but his explanation of the sex determination deviates 
somewhat from the one given here (Aida, 1936). 

Goldschmidt (1937) has criticised our conception of the localisation 
of the sex genes, which he tries to bring into closer harmony with the 
prevailing view. Later on, in the section on sex determination, we 
shall deal with this criticism. 

In 1944, for various reasons, it was decided to stop the Lebistes 
experiments in the Carlsberg Laboratory and dispose of the fishes. 
Lately we had been occupied, among other things, with a couple of 
genes which, in contrast to most of those hitherto studied, 
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manifested themselves both in females and in males—Flavus and Gold, 
Now, after the war, we have received a paper by Goodrich, Josephson, 
Trinkaus and Slate (1944) that brings together many of the same 
facts we had found concerning the Gold Lebistes. Even though this 
section of our communication, therefore, on several points may appear 
as a repetition of the findings reported by Goodrich et al., we still 
thought that we ought to present it. 


|. THE “* FLAVUS *? GENE 


Some years ago Dr Anton Bruun of Copenhagen called our 
attention to a Lebistes strain, the female of which was characterised 











x ’ a, 
¢ Xo Ypa 
33 young with colour in 

dorsal and caudal fin 29 non-coloured young 

developing into developing into 

ow; 

a7 99 Xp Xo 

<a 

12 ¢¢ xX Y, 
15 $8Xy1, Yp, 0 “Pa 


Fic. 5.—Cross between “‘ coloured ” female Xo XF/a¢ and male of the Pauper race, Xo Y Pa. 


by the possession of colour in the dorsal fin and tail-fin. Mr Harry 
Andersen, printer, of Elsinore, was kind enough to give us some 
specimens of this strain. 

In these “ coloured ” females the caudal fin, especially its middle 
part, is rather distinctly yellow with a blackish margin, while the 
dorsal fin presents a somewhat effaced black spot, often together 
with a little yellow (fig. 5). In the males of this strain (cf. fig. 6) the 
caudal fin is very intensely yellow, bordered with black, and the 
dorsal fin is yellow with a black spot ; a few red spots are seen on the sides 
of the body. This colour pattern, with the strong contrast between 
yellow and black, is one of the most decorative encountered in Lebistes. 
In crossing experiments this pattern was found to involve a single 
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X-linked gene. This gene is dominant in both sexes, although it 
manifests itself less distinctly in the female. Further, it manifests 
itself earlier than the X-linked and Y-linked colour genes hitherto 
known. Even when the young are only about one month old they 
can be separated into “ coloured” (with a dark spot in the dorsal 
fin, and somewhat black and yellow at the upper and lower margins 
of the caudal fin) and “ uncoloured” (with colourless fins like 
normal Lebistes offspring). We designate the gene here concerned 
as Flavus (Fla). 

The culture from which our fish originated was not “ pure,” 
therefore our first females were heterozygous, X, X,,,. Later on 


‘ 





8 Xo Xo é *Pia Tip 





34 non-coloured young 
24 young with colour in dorsal and developing into 
caudal fin developing into ~ 





13 @ > 
23 99 1x ¢ 34 XY a 
X Xpia X %pia Xy Yr, 


Fic. 6.—Cross of Xo Xo female to X fie Tz male showing X-linked inheritance and 
segregation of an XO X Fie male, 


we succeeded in producing homozygous females, Xz, X,,,. with an 
external resemblance to the heterozygotes. 
Crossing of Fla 2 with XoYy, 5 (XoX rn X Xo Y ya) 
(2 2345 x 5 2346) 


ov: Fla Non-Fla 
inn, em, 
1299 11 ¢¢ 10 92 12 gd 


Crossing of Fla 9 with X>5Yp, 5 (XoXr;.X XoYp,) see fig. 5, gave: 
Fla Non-Fla 
9 dé Ye Se 
Q 2309 J 2347 2 I I I 
"2 2384x ¢ 2385 3 3 3 : 
2 2403 X J 2404 ) 2 ) fe) 
Q 2420X J 2421 13 9 13 9 


15 17 12 
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g of the Fla strain crossed with XpgXo 2 (XoXo X Xp, Y) (2 2310 X 
3 2285), of. fig. 6, gave : 


Fla Non-Fla 
ae ee 
23 991 XX 3 092 3433 


As is evident from the figure, the single Fla male did not differ 
from its father in appearance. It had not only the same yellow and 
black pattern in the caudal fin and dorsal fin, but also exactly the 
same red spots on the body. Subsequent experiments proved this son 
(g 2367) to be an XX male. The non-Fla sons show that, in addition 
to the X-linked Flavus gene, 3 2285 possessed a Y-linked gene that 
seems identical with the gene Jr (Winge, 1922, 1927). Other males, 
by the way, showed a Y-linked colour pattern somewhat different 
from this. 

Crossing of non-Fla 9, segregated from the Fla strain, with Fla g 
(XoXo xX Xp,Y) gave : 





Fla Non-Fla 
92 dd i Ye) 

9 2322 gf 2323 I ty) fe) 49 
2 2335xd 2336 7 0 o 4 
9 2364x9 2365 7 0 o 4 
55 0 0 57 


Crossing of Flavus mutually gave : 


(a) Three matings in which the female evidently was heterozygous 
(XoXpygX Xp) : 





Fla Non-Fla 

92 «Sd 92S Sd 

2 2333Xd 2334 5565 Od o 8 
2 2374X 3d 2375 Dae 0 9 
9 2412Xg 2413 19 8 re) 9 
31 24 Oo 26 


(6) Four matings in which the female was homozygous (X,,,X ,;, X 
Xp2Y) : 


Fla Non-Fla 
92d 92 odd 
2 2355 Xd 2375 15 13 0 0 
2 2355 Xd 2399 I o o o 
2 2457 Xd 2458 16 24 te) Oo 
Q 2510X fg 2511 3 4 fy) ) 
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With the Flavus type we have an X chromosome characterised by 
a gene that is easy to recognise in the female as well as in the male. 
It seemed natural, therefore, to try to introduce this gene in a strain 
without a Y chromosome, where both females and males have two 
X chromosomes, in order to study its sexual effect. 

As demonstrated previously (Winge, 1934), we have to assume 
that the X chromosome contains a sex-determining gene, pulling in 
a female direction. It seemed conceivable indeed that the new X 
chromosome would be of another potency than the X chromo- 
somes already present in the XX race. Therefore numerous 
crossing experiments were made, partly of the aforementioned 
XX ¢ 2367 and some other X,,,X males, obtained later, with females 
of the XX strain, partly of Fla females with XX males of our XX 
strain. In spite of extensive inbreeding it was not possible to 
attain 50 per cent. males, but several matings yielded a few XX 
males. 

In the following counts the total formula of the XX females or 
males has not been given, as the exact formula for other colour 
genes was not known in all cases. 

Crossing of Non-Fla XX females with X,X,,, males gave : 


Fla Non-Fla 
9 «8s BY Se 

2 2366 x 3 2367 36 te) 35 Oo 
9 2383 xg 2367 14 Oo 15 fe) 
2 2430 X g 2367 28 te) 23 ) 
2 2441Xg 2367 7 ) 6 ) 
Q 2450X 5 2367 14 fe) 14 I 
2 2463 xg 2367 6 I 9 0 
2 2469 x f 2367 923 Oo 26 fy) 
2 2483 x5 2367 «8 fy) 6 ) 
Q241I0Xg 2411 19 oO 16 fe) 
Q2429X 5 2411 28 2. 23 I 
Q2436x5 2411 5 te) 4 Oo 
9 2443Xd 2411 8 fe) 9 Oo 
92459Xd 2411 25 I 25 I 
9 2464xX5 2411 22 3 22 Oo 
Q92487xX5 2411 14 Oo 12 fy) 
92496X$ 2477 9 0 14 0 
2 2503X 5 2504 =I fe) I ) 
Q2507xg 2508 =I I 3 2 
9 2506 § 236745 2 2 ) 





Total 
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Fla females (Xp,.Xo) with Non-Fla XX gg gave : 


Fla Non-Fla 
9 CSS ESS! 

2 2343 Xd 2344 23 0 19 0 
9 2431X5 2432 869 fC) 12 Ce) 
2 2433Xd 2452 32 Oo 33 0 
2 2435X 5 2351 11 ) 8 2 
2 2442xX 9 2398 3 fe) 3 ) 
2 2444X 5 2398 88 ) 10 ) 
2 2447X 5 2438 = 4 0 4 0 
2 2453X5 2454 13 2 14 3 
2 2455X dg 2422 10 ) 6 ) 
2 2474X35 2475 15 0 i I 
2 2484 gf 2485 13 Oo 12 ) 
2 2488 x 3.2489 «11 Oo 13 fe) 
2 2497X 5 2498 Oo fe) Oo I 
2 2499Xg 2500 3 I 4 I 
2 2509x 5 2486 oO ) I fC) 
92517X5 2498 85 0 .. * 





Total . 160 3 153 8 


Thus among 877 individuals in all 26 XX males were segregated 
out, namely 13 with Fla and 13 without. 

Unfortunately the numbers for XX males are only small. But as 
Flavus and non-Flavus males appear in the same number the new 
X chromosome cannot in the potency of its sex-determining gene be 
so different from the genes already present as to influence sex 
determination. 


2. THE *‘GOLD’”’ GENE 


The yellow Lebistes has been described by Haskins and Druzba 
(1938), and more thoroughly by Goodrich, Josephson, Trinkaus and 
Slate (1944). These authors found the yellow to be due to a recessive 
autosomal gene. In males as well as females of this race the whole 
body has a translucent yellow tone. This yellow Lebistes is designated 
as “ fredlini” among fanciers. Goodrich e¢ al. prefer to designate 
it as Gold, and they employ the symbols GG = Wild Type, gg = 
Gold. They have given a description of the effect of the gene on 
the chromatophores, chiefly the melanophores. In Wild Type the 
numerous melanophores form a “‘ diamond-shaped pattern within the 
meshes of which are seen other somewhat more sparsely and irregularly 
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distributed melanophores.” The pattern results from the fact that 
the chromatophores follow the scales. In the Gold Lebistes the melano- 
phores are far fewer in number, larger in size and limited more 
exclusively to the net pattern; the newborn Gold has no visible 
melanophores. Counting of the melanophores gave about half as 
many in Gold as in Wild Type. Goodrich et al. have also described 
two other recessive types with defective melanophores, which they 
designate as ‘“‘ Blond” (bbGG) and 
the double-recessive “ Cream” 
(bbgg). 

In general our studies, which 
were carried out independently 
of these investigations, gave the 
same result. Our laboratory 
obtained its material, designated 
as “‘ fredlini,” from the Malmé 
Aquarian Society in Sweden 
through the courtesy of Mr 
Edvin Brorsson, teacher, Chair- 
man of the Society. 

The difference between the 
Gold strain and the  normal- 
coloured is already conspicuous 
at birth, the normal being born 
with numerous melanophores on 
the body, while the Gold is 
entirely lacking in visible melano- 














phores in the skin (see fig. 7). 
Gradually, as the Gold fish grow 
up, they get a certain number 
of melanophores on the upper fic, 7.—To the left, newborn normal 
part of the body. When by (grey) young; to the right newborn 
means of a knife a scale is Gold young — for illustration of the 
removed cautiously from the miaghen, Te Gi yous 


. possesses no visible melanophores in 
back of an adult fish, a little the shin, but 0 fw mudenepheves 


of the epidermis will adhere to on the surface of the air bladder. 
the posterior free part of the (Enlarged.) 

scale, and under the microscope 

this gives a fairly distinct picture of the chromatophores—though not 
of those that are situated most deeply, as they are not removed by the 
detaching of the scale. Figs. 8 and g show scales of two females who 
measured 36 and 40 mm. in length—a normal type and a Gold. The 
difference in the number of melanophores is very striking. The 
xanthophores are somewhat more numerous in the Gold fish than in 
the normal. Counting of melanophores and xanthophores on the 
scales was commenced but given up again, as it was found to be very 
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Fic. 8.—Scale of normal (grey) female (Wild Type) with the free posterior margin pointing 
downwards. Melanophores black, xanthophores dotted. (Greatly enlarged.) 





Fic. 9.—Scale of Gold female (gg) with the posterior margin pointing downwards. Melano- 
phores black, xanthophores dotted. (Greatly enlarged.) 
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difficult to count the xanthophores quite accurately ; a few exact 
counts are given in table 1. 

TABLE 1 
Melanophore and xanthophore counts in Gold and normal females 














M xX 
Gold Q No.1. Scale No. 1 16 110 
” » 2 2 IOI 
”> ” 3 I 7o 
” » 4 oO 62 
Gold 2 No. 2. aad Stee 20 117 
” » 2 19 160 
= mg 26 go 
” ” 4 2 77 
” o 5 27 156 
Gold 2 No. 3. or. Waal 129 
119 1072 
Gold average é . é 11'9 107°2 
Normal 2 No. 4. Scale No. 1 48 109 
” >? 2 53 79 
” > 3 67 81 
” » 4 32 60 
Normal? No.5. 5, 495 I 70 99 
” » 2 59 101 
” » 3 36 41 
Normal 2 No. 6. i) ee 64 79 
429 649 
Normal average . . 4 53°6 rr 

















The outcome of our genetic experiments is quite in keeping with 
the findings reported by the authors cited above—that Gold is due 
to a recessive autosomal gene. Crossing of Gold with normal (= Wild 
Type) gives exclusively normal in F,. 

Crossing of F, individuals mutually gives 3 normal : 1 Gold. 


(a) F, of normal 2 x Gold 3 crossed together (2 2098 x g'2099) gave 














normal Gold 
2499 2738 139 768 
(b) F, of Gold 2 xnormal ¢ crossed together (2 2303 x $2304) gave 
normal Gold 
99% 204d 69 108d 


When to this we add some young ones that were not countered 
for sex, besides the outcome of a cross in which the male was XX, 
we have altogether : 


(Total, 217) 164 normal 53 Gold 
(Theoretically: 163 _,, SE 4s 9s 








78 @. WINGE AND E. DITLEVSEN 


Gold 9 crossed with normal F, ¢ (from Gold 9x normal ¢) gave : 
normal Gold 


2792 1936 2492 IXXd 2586 


As the laboratory had a strain with the autosomal gene Zebrinus 
(Ze), which is dominant in the male while it does not manifest itself 
in the female (cf. Winge, 1927), it seemed natural to let this gene get 
together with Gold in order to see whether the two genes were 
located in the same pair of chromosomes. For this purpose, normal 
F, males were produced heterozygous for Gold as well as Zebrinus. 
Gold 2xnormal F, $ with Ze (ggzeze x Ggeze) gave, considering only 
the males 








normal Gold 


A. 


with Ze without Ze with Ze without Ze 


(Total, 50) 9 18 12 II 








In cases of free combination we would expect 12°5 : 12°5 : 125 : 12°5. 
If, on the other hand, the two genes belonged to the same pair of 
chromosomes, and if no crossing-over took place, we would expect 
to get 25 normal with Ze and 25 Gold without Ze. 

Normal F, 2 without Ze x normal F, ¢ with Ze (that is Ggzeze x 


GgxeXe) gave: 








normal Gold 
with Ze without Ze with Ze without Ze 
(Total, 30) 9 II 6 4 
(11°25) (11°25) (3°75) (3°75) 


Here, too, we meet with a free combination, and thus we may take 
it that Gold is not located in the same chromosome pair as Zebrinus. 
As the chromosome which contains Zebrinus already previously has 
been designated (Winge, 1927) as No. 1, it might be appropriate to 
designate the chromosome pair that contains the Gold gene as No. 2. 
Whether the gene Blond, described by Goodrich é¢ al., is located in 
chromosome 1 or in another pair of chromosomes cannot be settled 
of course before Blond also has been crossed with ebrinus. 

In the Gold Yy, males as a rule the Maculatus pattern is not 
typical as the black spot in the dorsal fin most often is absent—a 
fact that has been pointed out also by Haskins and Druzba. 

Of 70 yellow Y,,, males in our experiments only 7 had a really 
black spot on the dorsal fin, while 2 showed a trace of a spot, and in 
all the rest the dorsal fin was practically colourless. Naturally, it is 
not very surprising that a gene with such a strong effect on the 
melanophores has influence also upon the Maculatus pattern. So far 
no rule has been ascertained for the occasional occurrence of the 
spot on the dorsal fin. 
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Nor is the Zebrinus pattern quite typical in the Gold males even 
though it can be made out here. 


3. THE ‘“*MACULATUS”’ GENE 


In all the numerous crossing experiments carried out by us with 
the Maculatus gene, it has always appeared as a unit. In 1927 some 
selection experiments were reported with this gene, in which males 
with a particularly insignificant black spot on the dorsal fin were 
selected through several generations, and in this way some X,Y¥y, 
males were obtained in which the black spot was altogether absent. 
Still, one and the same male was able with one female to give spot- 
less sons, with another female, spotted sons. So this phenomenon 
was undoubtedly ascribable to the interaction of minor factors 
affecting the spots, not to any change in the Maculatus gene itself. 
In Gold males with Ma a distinct spot on the dorsal fin is most often 
absent, but this indeed is due to the defective development of melano- 
phores in general, and the spot reappears on crossing with normal. 
In 1933, however, an instance of a truly hereditary alteration of the 
Ma gene was recorded. 


9 1662 x ¢ 1663 
(XoXo, vi) (XoY ya) 





| 
16 99 I XoXo, vi 
Il Xoy. iY ua 
i 3d 9 XoY 
1 ($ 1768) with only a part of Ma 


3 1768 (see fig. 10) had a red spot on the side, but no trace 
whatever of any spot on the dorsal fin. On crossing with Xp9X, 


Fic. 10.—¢' 1768, XO Y Part of Ma and brother with normal Ma pattern. 


females he gave 8 daughters and 11 sons, all of which quite resembled 
the father. Of the 11 sons 2 were mated with X,X, females and 
gave respectively 20 and 16 sons, all without any trace of a spot on 
the dorsal fin, just like ¢ 1768. A daughter of ¢ 1768 was crossed 
with a normal X,Yy, ¢ and gave 17 sons, which all showed a 
normal Maculatus pattern with a well-defined black spot on the 
dorsal fin. 

In order to preserve the altered Maculatus conveniently, some 
daughters and sons of ¢ 1768 were placed together in a tank, so 
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that they would be able to maintain themselves by inbreeding. This 
strain kept constant from 1935 to August 1941, when 6 males were 
drawn ; they all presented the same appearance as § 1768. There 
can be no doubt that here we are dealing with a true hereditary 
alteration of the Maculatus gene. Unfortunately, indeed, it cannot be 
decided whether this represents a mutation or a cross-over. 

Blacher (1928) regards Ma as composed of at least two genes, 
one producing the black spot in the dorsal fin and the other producing 
the red side-spot on the body. The correctness of this interpretation 
has not, however, been demonstrated by him through cross-over or 
other experiments but only through the observation of few individuals 
with deviating colour pattern. Such variants, of course, do not allow 
us to draw any conclusions as to the existence of a gene or a gene 
complex. 

4. SEX DETERMINATION 


A thorough account of the sex determination has been given in 
a previous paper (Winge, 1934). As pointed out at that time, we 
have to assume that sex-determining genes—some pulling in a female 
direction, others in male—are distributed over a great many of the 
autosomes, with superior sex genes in the X and Y chromosomes. 
Accordingly the XY females would be individuals that contain a 
lot of autosomal sex genes pulling so strongly in the female direction 
that, in spite of the presence of the Y chromosome, the development 
has yet been female. Conversely, the XX males would have a lot of 
autosomal sex genes pulling sufficiently in the male direction. 

Goldschmidt (1937) has criticised our theory and tried to make 
the experimental data comply with the older conception of sex 
determination, employing the old familiar formulas, MMFF in the 
female and MMF in the male, where F is stronger than M but weaker 
than MM. The appearance of the XX male would then be due 
to the circumstance that (either by presence in the stock, or by 
mutation, or by appropriate crosses as in Lymantria) there was 
introduced either a weak F or a strong M. In his detailed account, 
Goldschmidt employs the formula MMF,F,, for the XX male, in 
which, however, M is assumed to be constant and hence is left out. 
He then gets : 


1. Accidental female with XX male : 
FF xF_F,, = all the young FF, = 99. 
2. Back-crossing : 
FF, x F,F,,=FF,, and F,,F,,=50 per cent. 92 and 50 per cent. XX 3d. 
Here, however, two facts must be remembered. Firstly, it was 
not at all the first back-cross that yielded 50 per cent. XX males ; 
after the second back-cross only 1 XX male turned up among 31 


individuals and only the third back-cross resulted in 50 per cent. of 
either sex. Secondly, we found no sex heterozygosity with regard 
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to the X chromosome. It had just been demonstrated by experiment 
that in the XX race the inheritance of the colour genes associated 
with the X chromosome is not sex-linked. In the XX race the X’s 
are to be regarded as autosomes (cf. Winge, 1932). Goldschmidt 
tries to explain the XY females correspondingly, wishing to parallel 
both cases to Lymaniria. It was therefore of interest to see what 
might be the result of crossing an XY female with an XX 
male. 

A female of the formula X,Y, (2 1801) was crossed with a male 
of the formula X,;X,; (¢ 1793), and two of their sons were crossed 
with females of the XX strain. In addition a son and a daughter of 
Q 1801 xX 1793 were crossed together. Slightly schematised this 
experiment looks as follows :— 














2 XoYue X 5 XxiXz: [XX 9 x XX g] 
(2 1801, | (3 1793) 
| | | 
32 99 Pe 35 6d em x XX 99 XX Jd 
; 28 XX 991 XX $21 XY 3g 
| F 
20 XX 99 19 XY gd . 


When in this pedigree the detailed formulas have not been given it is 
because several genes (Co, Vi, Ti, Lu) were introduced from the 
XX race, which gave a rather complicated segregation including 
crossing-over. The main point is that the Y chromosome was 
marked with Ma, so that XX and XY individuals could easily be 
distinguished. 

The present results agree fully with the assumption of multiple 
sex genes in the autosomes and particularly strong sex-determining 
genes in X and Y. Oncrossing an XY female, possessing a particularly 
strong female autosomal set of genes, with an XX male which has a 
particularly strong male autosomal set of genes we get an F, with 
marked heterozygosity. The strongly female autosomes from the 
mother meet with a set of strongly male autosomes from the father, 
and these two sets balance each other so that the sex determination 
now depending on the X and Y chromosomes becomes normal both 
in the sons and in the daughters. 

It was to be expected that the sex determination would be normal 
also in F,, at any rate as long as the number of individuals was not 
very great ; it is not surprising that a single XX male may segregate 
out when an F, male is mated to a female with strongly male 
autosomes. 

On the other hand, if we were to explain the abnormal sex types 
by assuming variation in the strength of a single gene we would 
undoubtedly have to expect a segregation of XY females and XX 

F 
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males in F,. If, as suggested by Goldschmidt in a private com- 
munication to the senior author in 1935 concerning the XX males, 
as in the case of Lymantria we were to introduce a plasmatic factor M 
and assume this to vary from one race to another and that a particularly 
weak M was present in the XY female, we would have to expect 
that in the inbred F, one-half of the XY individuals would be females ; 
and on crossing an F, male with a female of the strongly male race 
we would have to expect one-half of the XX individuals to be males, 
But it does not turn out this way. 

So we will have to maintain that the view of the sex determination 
advanced by us (Winge, 1934) is correct. The Y chromosome 
contains a strong male-determining gene, while the X chromosomes 
contain a female-determining gene, and sex-determining genes of 
varying potency are furthermore distributed over the autosomes in 
such a way that the sex determination normally depends on X and 
Y. XX males appear when, through recombination including crossing- 
over, particularly strong male-determining genes have accumulated 
in the autosomes ; and XY females appear when sufficiently strong 
female-determining genes have accumulated in an XY individual. 

It will be appropriate here to recall that a quite similar distribution 
of the sex-determining elements has been found in Melandrium (Winge, 
1931). In this plant, furthermore, the study of polyploid forms has 
shown that the Y chromosomes contain strong male-determining genes 
(Warmke and Blakeslee, 1939 ; Westergaard, 1940). According to 
Westergaard, in Melandrium the sex is determined by “a very strong 
male-determining element in Y and a female-determining element 
distributed in the X chromosome and in the autosomes. Moreover, 
at any rate, some of the autosomes must contain male-determining 
genes.” As will be noticed, this corresponds rather closely to the 
distribution of the sex genes in Lebistes. 


SUMMARY 


1. Two genes in Lebistes are shown to manifest themselves in both 
the male and the female :— 

(i) Flavus, appearing as a black and yellow colour pattern in‘the 
dorsal fin and caudal fin, is localised in the X chromosome. | It is 
dominant in both sexes. 

(ii) Gold, already described by Haskins and Druzba and by 
Goodrich et al., characterised by a much smaller number of melano- 
phores than in the normal Wild Type, is due to a recessive gene in an 
autosome pair other than the one that has formerly been shown to 
contain Zebrinus. 

2. The Maculatus gene is shown to have undergone a change 
whereby the black spot on the dorsal fin completely disappears. 

3. The outcome of a cross between the two abnormal sex types 
XY 2 and XX ¢ agrees very well with the view previously advanced 
by the senior writer concerning the localisation of the sex genes. 
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I. THE VALUE OF UNSELECTED GENES 


THE study of gene action has been obscured in the past by a difficulty 
of separating primary from secondary effects of the gene. Experi- 
mental work of Muller, Harland and others, and theoretical work of 
Fisher, Haldane and Wright have shown the great importance of the 
genetic environment in the expression and interaction of genes. 
Selection has generally favoured the wild-type allele in such a way 
that it has a large margin of safety in expression. In contrast, mutant 
alleles usually have a very slight and negative effect when in the 
presence of the wild-type allele. Thus the differences between the 
primary effects of alleles are masked by the damping action of the 
genotype. 

The gene which determines incompatibility in higher plants does 
not suffer from this disadvantage. The genetic environment has 
certainly been selected in respect of this gene, but it has been selected 
in a direction such that each new mutant allele will have its maximum 
and independent expression, since all the alleles are a necessary part 
of the normal genetics of the population. Furthermore, we can put 
this gene into a new genetic environment. One of its main effects 
occurs in the haploid pollen grain, and thus in a diploid pollen of 
artificially produced tetraploids we have an entirely new condition 
which allows interaction between two alleles. Therefore, whatever 
interactions are found in such an environment, whether dominance 
or any new effects, they are primary properties of the gene. 

Another restriction with most genes is that only a limited number 
of alleles can be differentiated by the usual phenotypic tests. Again 
this is mainly due to the buffering effect of the selected environment. 
In this respect also the incompatibility gene is exceptional, since 
each allele produces its highly specific and positive effect for which 
a decisive test is available. Very large numbers of alleles are known, 
so large in fact that it is probable that each act of mutation produces 
a unique allele. 

The large number of alleles with their neomorphic effects, and 
the new environment of diploid pollen make this gene one of the 
most amenable to analysis and the most valuable for experimental 
genetics. 
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2. INCOMPATIBILITY IN TETRAPLOIDS 


Over a wide range of diploid species of plants, incompatibility 
conforms rigorously to one or other of two genetic systems. There is 
either the polyallelic system of plants without heterostyly or the diallelic 
system of heterostyled plants. It is only by a delicate balance 
between the main control genes and the background genes or poly- 
genes that either kind of incompatibility can be efficiently maintained. 

Changes in genetic balance, resulting as they do in a change in 
the degree of incompatibility, can be effected by keeping the main 
control genes constant and altering the background. This can be 
done in two ways, either by intra-specific selection or by inter-specific 
hybridisation (Mather and de Winton, 1941; Mather, 1943). 
Alternatively changes of balance can be obtained by keeping the 
background genes constant and altering the main control gene. This 
again can be done in two ways, either by selecting a mutation to a 
self-compatible allele in a diploid (Williams and Silow, 1933), or by 
creating new interactions between the main control genes as a result 
of chromosome doubling in an autotetraploid. 

As early as 1923 Crane had shown that the diploid Prunus avium 
was self-incompatible and the tetraploid Prunus cerasus was self: 
compatible. A similar difference was found within a species by 
Gairdner (1926) between the diploid and tetraploid types of Campanula 
persicifolia, and in 1928 Darlington generalised these facts by pointing 
out “that tetraploidy seems to remove the absolute bar to self- 
fertility’ since “‘in the tetraploid single inhibitors of pollen-tube 
growth cannot be expected to be absolute in effect.” Evidence for 
the wider application of this generalisation came from the examination 
of incompatibility in natural diploid and polyploid forms of Allium 
schoenoprasum by Levan in 1936 and of Tulipa species by Upcott and 
Philp in 1939. 

It was not until spontaneous chromosome doubling in the Pyrus 
communis variety “ Fertility” occurred, and tetraploids in other species 
were produced by colchicine, that a strict comparison could be made 
between a diploid and its autotetraploid. In Pyrus communis variety 
Fertility autotetraploidy brought about self-compatibility (Crane and 
Thomas, 1939; Crane and Lewis, 1942). This effect was found 
to be due mainly to the doubled condition in the pollen grain since 
Fertility 2x x 4x was compatible but the 4x x 2x combination was not ; 
and as a result of finding both compatible and incompatible pollen 
tubes in the tetraploid style after selfing and in the diploid style 
after pollinating with the tetraploid, a hypothesis was formulated 
that pollen grains with two different S alleles are compatible in a 
style carrying these alleles. It was shown that this is due to competition 
between different alleles in the pollen grains (Lewis and Modlibowska, 
1942). Pollen grains with such different alleles are described as 
heterogenic. 
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In three species of Solanum also, tetraploidy completely removed 
the bar to self-fertilisation (Livermore and Johnstone, 1939). In 
Petunia axillaris, Stout and Chandler (1941) showed that the tetraploid 
was self-compatible, the 2x 4x cross was compatible (seed of this 
cross was later found to be inviable, but this is presumably due to 
sterility and not incompatibility), and the 4*x2x cross was in- 
compatible. This situation is very similar to that in Pyrus, and 
further work (Stout and Chandler, 1942) supported the hypothesis of 
allelic competition in the heterogenic pollen grain. The authors, 
however, did not point out the significance of their results. They 
found that the offspring from the tetraploid Petunia selfed were : 


1. All self-compatible. 

2. All inter-compatible. 

3. All were incompatible when crossed as females with their 
diploid parental types. 

4. All were compatible when crossed as males with their diploid 
parental type. 


These facts prove that the offspring were all heterozygous for S 
alleles, because if homozygous plants were present, then half the 
pollen from the diploid parent should be compatible on one type of 
homozygous tetraploid and the other half of the pollen should be 
compatible on the other type of homozygous plants. Since all were 
incompatible when crossed as females with their diploid parental type 
there can have been no homozygous plants among the progeny. 

This principle also explains the self- and inter-compatibility of all 
the progeny. On the competition hypothesis only heterogenic pollen 
would function on selfing a tetraploid, and this would ensure the 
S-heterozygosity that was found in all the offspring. In all, 213 
plants were tested and this number is statistically adequate, since 
with a 17: 1 ratio of heterozygotes to homozygotes based on random 
functioning of gametes, x? = 12°49. This is nearly twice the value 
of x? at -or probability. 

Further evidence came from tetraploid O¢enothera organensis (Lewis, 
1943@). In this plant, as presumably in Oe. ratmannia (Hecht, 1944), 
the effects of tetraploidy were not sufficient to overcome incompatibility 
entirely, but there was a great reduction of the incompatibility reaction 
as shown by the growth of the pollen tubes. Although they failed to 
achieve fertilisation, they grew to the base of the style 160 mm. long 
in 24 hours as in the compatible crosses. Here again this effect 
occurred in the tetraploid when selfed, and, within the same genotype, 
in the 2x x 4x but not in the reciprocal cross. 

But further work showed that there were exceptions to this 
generalisation for certain genotypes. Thus, while genotypes $3.3.6.6, 
$3.3.4.4 and $3.4.6.6 had the reduced incompatibility reaction and 
produced long tubes, the genotype S4.4.6.6 did not show this effect. 
Evidently the pollen genotypes $4.4, $4.6 and $6.6 did not have a 
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reduced reaction, and by eliminating these genotypes from those 
produced by the $3.4.6.6 plant, it was concluded that the heterogenic 
pollen grains $3.4 and $3.6 were those with a reduced incompatibility 
reaction. 

Differentiation in the capacity for interaction appeared in the 
style as well as in the pollen. Some types of heterogenic pollen were 
fully compatible on a style carrying one only of the alleles present 
in the pollen, but were incompatible on styles carrying the other 
allele only. For example, $3.4 pollen on an $4.4.6.6 style produced 
seed, but on $3.3.6.6 styles it failed to do so. Thus partial dominance 
of one allele over another in the pollen grain, as well as other inter- 
actions, is present in some combinations. 

The effect of dominance was foreshadowed by the explanation of 
reciprocal differences in Prunus domestica by Crane and Lawrence (1929). 
Thus “ In polyploid plants exhibiting incompatibility the gametes will 
carry more than one factor for incompatibility, and the possibility of 
the occurrence of interaction favourable to greater variation in 
pollen-tube growth must be considered. For example, two tetraploid 
plants of the constitution S1.1.2.3 and S1.1.2.2 might present 
different inhibitory effects to S2.3 pollen.” This effect was also used 
by Lawrence (1930) in his interpretation of incompatibility in 
Verbascum. He regarded it to be caused by the unlike allele (S3) 
positively promoting pollen-tube growth. 

An alternative explanation suggested by Sansome and Philp (1932) 
is that “the production of some inhibitory substance normally induced 
by S1 may be stopped at the source by the presence of S3.”” The effect 
of dominance in Oenothera substantiates this second hypothesis. 

Another expression of these effects was found in tetraploid Trifolium 
repens (2x = 64) by Atwood (1944). Both self-compatible and 
self-incompatible plants were found in an F, family, and evidence 
was given that the self-compatible plants were those carrying 3 or 4 
different alleles. He suggested that growth of pollen tubes carrying 
two different alleles may sometimes depend, not on a specific opposi- 
tional effect between the individual pollen tube and the style, but 
upon some new effect due to the presence of many different pollen 
genotypes in the style. 

From all these data in different species, it is probable that tetra- 
ploidy has a number of general effects on incompatibility of which 
allele interaction in the pollen grain is the most powerful. The 
present study is of further experiments with tetraploid Oe¢nothera 
organensis designed to define more clearly the nature and extent of 
these effects. 


3. TECHNIQUE 


(i) Chromosome doubling and identification of tetraploids 


The method of chromosome doubling with colchicine and the 
identification of tetraploids by their 4-pored pollen grains have been 
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described (Lewis, 1943a). This method of identification has con- 
tinued to be efficient with one exception. A 3-year-old plant which 
had grown from a colchicined seedling and had produced tetraploid 
shoots in previous years, again produced shoots which appeared to 
be tetraploid and had 4-pored pollen. But on using these shoots 
as a female parent with another tetraploid plant, triploid offspring 
were produced, thus showing that the shoots were now periclinal 
chimeras composed of diploid inner and tetraploid outer tissue. 


(ii) Pollen-tube growth rate and staining 


The growth ‘tates of pollen tubes were determined on cut flowers 
kept in a dark incubator at 30° C. for 24 hours. As I have previously 
described, it is only under these conditions that the maximum 
information can be obtained from this kind of study (cf. Lewis,-1942 ; 
Modlibowska, 1945). 

In early experiments the styles were fixed in go per cent. alcohol, 
the inner tissue dissected out and stained in cotton blue (Emerson, 
1938). In later experiments the styles were fixed and stained 
simultaneously in an alcoholic solution of iodine in potassium iodide 
(iodine, 1 gm. ; KI, 1-5 gm.; 30 per cent. alcohol, 100 c.c.). The 
material can be examined within an hour of fixation or it can be kept 
indefinitely in the iodine solution for later examination. The whole 
style is merely squashed and not dissected ; this saves time and ensures 
that none of the tissue is lost. The pollen tubes show up very 
conspicuously as a result of their large starch grains, which are 
stained black. 

(iii) Testing the genotypes of tetraploids 


Any investigation of incompatibility in tetraploids pivots on the 
determination of the S genotypes of the plants. Without a sound 
knowledge of the genotypes we cannot be sure of our interpretation, 
since we must explain for each plant two unknown factors, genotype 
and incompatibility behaviour, from the results of behaviour alone. 
Since there are effects of tetraploidy that are unpredictable from the 
mechanism in diploids, results cannot be interpreted without hazard. 
With the genotypes irrefutably determined we have a firm basis for 
the interpretation of results. 

A tetraploid plant that is a somatically doubled form of a known 
diploid, as in the case of the spontaneous tetraploid pear variety, 
Fertility, or the tetraploid shoots of a plant that has been treated with 
colchicine, presents no difficulty ; it must be diallelic,* e.g. Sy.y.x.x. 

With sexual progeny of two tetraploids it is often necessary, 
however, to be able to discriminate between 8 different genotypes. 
In Ocnothera organensis these genotypes can be tested accurately by 
applying the pollen of diploid plants of known S constitution and 
examining pollen-tube growth (described by Lewis, 1943a). Any S 


* The extremely useful terms diallelic, triallelic and tetrallelic which refer to plants with 
2, 3 and 4 different S alleles respectively were coined by Atwood (1944). 
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allele present in a tetraploid style inhibits haploid pollen carrying the 
same allele but does not inhibit any other haploid pollen. These 
differences are as sharp when using a tetraploid style as when using a 
diploid. This method has been previously successful with several 
diallelic and one triallelic genotype and has now been extended to 
others including tetrallelic plants. 

The reactions of all tetraploid genotypes, obtainable from 4 alleles, 
to pollen of diploid test plants are given in table 1. In Oenothera it is 
possible to distinguish between a fully compatible (+ ++) and a half 


TABLE 1 


Genotypes of tetraploid plants are determined by the incompatibility reactions with pollens of 
6 different diploid plants. Reactions for all the possible genotypes obtainable with 4 
alleles are given: ——, all pollen incompatible ; +--+, all pollen compatible; +-—, 
50 per cent. compatible and 50 per cent. incompatible pollen. 











Diploid male test plants 
Tetraploid females 
$2.3 $2.4 $2.6 $3.4 $3.6 $4.6 
S2.2.3.3 -—— += apne 5 oe ha 
wee +— — ~= ald a “pew 
2 cna ae oe ae ++ 5 der 5 eas 
3-3-4. ha a 5 = uae os aca 
$3.3.6. +- ++ += += -— +-— 
$..2.6.6 ++ += +— += +— -- 
2 
s2(5) -- -— +— -— += +— 
4 
2 
s2..6(3] -- +— -—— +t -— += 
2 
s24.6(4] +— —— —— += += -— 
3 
$5.46(4) +— +— +— -— -— -- 
$2.3.4.6 = —— -- od os Sem 





























compatible (+ —) pollination, but in less favourable species even if 
this cannot be done, so long as incompatible combinations can be 
differentiated from the two compatible, (++) and (+-—), there are 
still decisive differences between the genotypes as table 1 shows. 

It is, however, impossible to determine by this method alone 
which of the alleles in a triallelic plant is duplicated ; for this reason 


2 
triallelic plants are represented in table 1 as S2.3.4. s), etc. 


The duplicated allele can sometimes be inferred from the genotype 
of the parental plants. For example, among the F, progeny of two 
diallelic plants differing in both alleles there will be 4 different 
triallelic genotypes. The duplicated allele in each is known because 
it is fixed by the genotypes of the parents. For example, in the cross 
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$4.4.6.6 x S2.2.3.3. any progeny in which S2, S3 and S4 have been 
detected. must have the $4 allele in duplicate. 

But in a cross such as $4.4.6.6 x S3.4.6.6 the duplicated allele may 
be one of two, so that the triallelic plants may be either $3.6.4.4 or 
$3.4.6.6. Here another method is available as the following crosses 
show :— 


2 3 3 
$3.3.4.4 < S3.6.4.4—few seeds. S3.4.6.6—much seed. 
$3.3.6.6 x S3.6.4.4—much seed. $3.4.6.6—few or no seed. 








Thus, the plants to be tested, when used as males onto suitable 
plants as females, behave differently according to which of the alleles 
is duplicated. 

The results of analysing the genotypes of two families raised from 
reciprocal crosses between $4.4.6.6 and S2.2.3.3 plants are given 
with the numbers to be expected on random chromosome segregation 
in table 2. It is evident that there is a significant deviation from 


TABLE 2 


The number of genotypes found by analysing the progeny of two F, families, S4.4.6.6 X S2.2.3.3 
and the reciprocal, by pollinating each plant with 6 different diploid test plants 











Observed numbers of plants 
Genotypes of Number expected on 

reeeny | 44.66 <_< | “oo 

x Reciprocal progeny 

$2.2.3.3 (30) 

ere ° te) o 0°83 
2.2.6. oO to) fe) 083 
3-3-4-4 2 2 4 0°83 
3.3.6. 2 te) 2 0°83 
2.2.4.6 2 I 3 3°33 
2.3-4-4 2 2 4 3°33 
2.3.0. oO g 3 3°33 | 
3-3-4.6 5 5 10 3°33 
2.3.4.6 3 I 4 13°34 























the expected values, and in order to find the cause the number 
of functioning gametes are analysed separately from both parents 
(table 3). From this analysis we can see that the deviation is due to 
the S2.2.3.3 plant only, which is producing a large deficiency of 
S2.2 and S2.3 pollen grains and eggs. 

Emerson’s (1938) data show that segregation in S2.3 diploid plants 
is not disturbed in a similar way. The genetic output of S2.3 diploid 
plants is 33 of S2 and 36 of S3, which obviously does not differ 
significantly from random segregation. Naturally my S2.2.3.3 plant 
differs in many genes from the S2.3 plants which Emerson used, 
and it may be that some of these genes cause the abnormal segregation. 
Alternatively, the disturbance may be due to the new condition of 
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tetraploidy, which seems to reduce fertility in S2.2 and S2.3 gametes 
more than in $3.3 gametes. 

TABLE 3 
Further analysis of the data in table 2, giving the output of functional gametes from the two 


parental plants separately. This shows that the deviation from expectation comes from 
one plant only. 











Parental Observed 
genotype Gametes ptacse Expected x’ p 
$2.2.3.3 Se2.2 3 5 29°0 Very small 
$2.3 II 20 
$3.3 16 5 
$4.4.6.6 $4.4 8 5 
$4.6 17 20 2°2 0°50-0°30 
| Sé6 5 5 























Two other small families were raised in order to obtain certain 
genotypes that were wanted for further experiments. One of these 
was an F, from a cross :— 
$3.4.6.6 x S2.2.3.3, which produced : 

4: $2.2.3.6 and 2 : S2.2.3.4 plants; a result which does not differ 
significantly from expectation. 

The other family was raised from a cross :— 

$4.4.6.6 x S2.2.4.4 ; this should produce : 
$2.2.4.4, S2.2.4.6, S2.2.6.6 in a ratio of 1: 4:1. 


The progeny consisted of 6:6:0 and three unexpected plants. 
Two of these plants repelled the pollen of all 6 diploid test plants. 
The tests were repeated 4 times and it was concluded that these plants 
were $2.3.4.6 (see table 1) ; the third plant reacted to the pollen 
of diploid test plants as if it were S3.3.4.4. The origin of these 
three plants is at present unexplained. The genotypes of the original 
parents have been retested and found to be correct. Furthermore, 
one of these anomalous tetrallelic plants was tested with certain 
tetraploid plants and it was found to behave differently to tetrallelic 
plants from families in which they were expected. Whether there is 
some effect which has hitherto not been found in tetraploid Oe¢nothera 
cannot be decided until the original cross has been repeated. Further 
work is in progress to clear up this anomalous behaviour. 


4. ALLELIC COMPETITION WITH SELF-POLLINATION 
(i) Effect of modifiers 

Since the plants used in these experiments are not genetically 
identical or isogenic there will be modifying genes segregating. In 
the diploid Oenothera stocks, from which the tetraploid plants were 
derived, the modifiers that were segregating had a very slight effect 
on incompatibility ; the only one which could be detected gave a 
slightly stronger incompatibility at lower temperatures (Lewis, 1942). 
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In the tetraploid, however, there are new possibilities of modifiers 
interacting in the pollen grains, and of dosage differences in the 
somatic tissue of the style. A priori these effects should be smaller 
than any effects in the diploid ; but it is possible that the incompati- 
bility, being much weaker in the tetraploid, is more sensitive to the 
effect of modifiers. 

Again it is possible that recombination of blocks of modifiers that 
never or rarely occur in diploids may occur in the tetraploid, due to a 
shift of chiasmata by the changed condition of pairing in a quadri- 
valent. Chiasmata, however, seem to be more and not less restricted 
in a quadrivalent than in a bivalent. 

In these experiments, wherever possible, observations have been 
made on a number of different plants for each genotype, and thus 
any effect of modifiers will be accounted for in the analysis of variance. 


(ii) Pollen-tube growth 


All plants were self-pollinated and examined for pollen-tube 
growth and seed production. The results of pollen-tube measurements 


TABLE 4 


Results of pollen-tube measurements in self-pollinated styles of tetraploids. The means of 
maximum lengths in individual plants are given with comparable figures from diploid 
plants selfed and compatibly crossed 




















Length of pollen tubes (24 hours, 30° C.) 
Tetraploids selfed 
n.| Genotypes | Length, mm. 
Diallelic 
3 $2.2.3.3 6-6+21°2 
5 $4.4.6.6 13°6+16-2 
5 $2.2.4.4 15°6+16-2 ; . 
8 $3.3.6.6 144°5+12°8 Analysis of variance 
2 $3.3.4.4 122°0+25'6 DF MS 
Triallelic Between types. , , . 1 | 46881-46 
t ‘ ‘ 
2) $2298 | rsegt060/ widin Re” ||} 4 | 26600 
3:3-4- 150°2=15'5 | Between genotypes , : 
4 te. mee re Within triallelics and tetrallelics } 6 2544°17 
Sree | 120°0+26°9 | Within diallelics. . =. =. 18 | 1g1g-21 
7 Saat 103 3144 »» _ triallelics and tetrallelics . 21 1458°9 
3 23-44 £21 Pooled error 2 - : - 39 1391°6: 
Tetrallelic 
3| S2.3.4.6 | 1396-+-21°8 
Diploids 
Selfed ®. 5-10 
Crossed (+) 150-160 














are given in table 4. The analysis of variance shows a significant 
difference between the diallelic type and the tri- and tetrallelic types, 
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and a significant difference between genotypes within the diallelic 
type. 

The difference between the diallelic and the other types is due 
solely to a difference between genotypes within the diallelics. In fact 
these fall into two classes : (1) Genotypes with short pollen tubes that 
are comparable with the incompatible pollen tubes in diploids, and 
(2) genotypes with long pollen tubes comparable with the compatible 
tubes in diploids. The triallelic and tetrallelic types all have long 
tubes and do not differ significantly from the second class of diallelic 
genotypes, t.¢. those with long tubes. 

This difference within the diallelic type has already been reported 
for some of these genotypes (Lewis, 1943a), and the present data not 
only confirms but extends it to other genotypes. 

The first question arising from the data is : Which pollen genotypes 
produce the long tubes that are found in some diallelic geno- 
types and in the tri- and tetrallelic types? From the short tubes 
found in the first three diallelic genotypes in table 4 we know that 
all homogenic pollen grains S2.2, $3.3, $4.4 and $6.6, and the hetero- 
genic pollen grains S2.3, S2.4 and $4.6, all give short tubes when 
growing in styles carrying these alleles. From this we can deduce 
that the long tubes in the two diallelic genotypes S3.3.6.6 and 
S3.3.4.4 are derived from the heterogenic pollen grains $3.6, 
$3.4. 

A further question that arises is, why do all the triallelic types 
produce long tubes while some diallelics produce short tubes? The 
answer is simply that all the triallelics, with the exception of S2.2.4.6 
produce one or both of the pollen types $3.6 and $3.4 which, as we 
have seen, produce long tubes. About the other triallelic plant 
we know that S2.2, S2.4 and $4.6 pollen grains produce short 
tubes. 

We can also infer that the remaining type S2.6 pollen would 
produce the long tubes from the comparison of the growth rates of 
pollen tubes in self- and cross-pollinations of other diallelic and 
triallelic plants as follows (means of four plants) :— 


mm, mm. 
$3.3.6.6 selfed . , . 144 $3.4.6.6 x $3.3.6.6 . . 196 
$3.4.6.6 _,, : . . 1392 $3.3.6.6 x S3.4.6.6. . 146 
$3.3.4.6 ,, ‘ ‘ . 150 


None of the differences are significant. Now in all these pollina- 
tions one or both of the pollen grains $3.6 or S3.4 are involved. 
These pollen grains therefore do not grow differently whether they 
are derived from a triallelic or a diallelic parent, or whether they are 
growing in a triallelic or diallelic style. 

Since we know that an S2.2.4.6 plant produces long tubes after 
self-pollination and that S2.2, S2.4 and $4.6 pollen grains produce 
short tubes in styles carrying these alleles, we can safely infer that 
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it is the S2.6 pollen grains which are producing the long tubes in this 
case; and they do so whether they are derived from a triallelic or 
diallelic plant. 

It is clear then that in Oenothera the triallelic and tetrallelic plants 
give long pollen tubes after self-pollination solely because they 
produce certain heterogenic pollen grains. They do not do so because 
of any property special to triallelics and tetrallelics such as their 
output of more than one type of heterogenic pollen as suggested for 
Trifolium repens by Atwood (1944). The results of self pollen-tube 
measurements in tetraploid Oenothera are summarised in table 5. 


TABLE 5 


Different types of pollen-tube growth according to the gene constitution of diploid pollen. 
Short-tube genotypes, italics ; long-tube genotypes, bold face. Note.—The long-tube 
types are the heterogenic pollen grains showing competition between the two S alleles 

(i.e. 2°6, 3°4 and 3°6 but not 2°3 or 2°4 or 4'6). 























Pollen 
Plant 
Homogenic Heterogenic 
Diallelic $2.2.3.3 2.2, 3.3 2.3 
ap 2.2, 4.4 2.4 
$4.4.6. 4-4, 6.6 4.6 
S2.2.6.6 2.2, 6.6 2.6 
$3.3-4. 3-3 4-4 3-4 
$3.3.6. 3-3, 6.6 3.6 
Triallelic $2.2.3.6 2.2 
$2.3.6.6 6.6 } 2.3 2.6, 3.6 
S2.3.4. 4-4 2.35 2.45 3-4 
jae 2.2 2.4, 4.6, 2.6 
3-3-4. 3-3 
S3..66 6.6 } 46, 3-4, 3-6 
Tetrallelic $2.3.4.6 None 2.3, 2.4, 4.6, 2.6, 3.4, 3.6 








Now with this evidence from Oecnothera, and the evidence from 
Pyrus communis and Petunia, detailed in the introduction, it is probable 
that some combinations of pairs of S alleles compete when together 
in the same pollen grain so that neither allele can produce its normal 
effect, and that other pairs do not compete in this way. 


(iii) Seed set 


Diploid plants of Oenothera organensis produce no seeds after self- 
pollination (Emerson, 1938). Seed production in the tetraploids is 
given in table 6, from which it is evident that no seeds are produced 
by diallelic plants but that tetrallelic plants set about one seed per 
flower pollinated. If these results are compared with the mean of 
64:1 seeds per flower crossed with compatible pollen, it is clear that 
none of these tetraploid genotypes are really self-compatible. 
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We have seen that in all the triallelic, the tetrallelic and in two 
of the diallelic plants the self pollen tubes grow to the base of the 
style nearly at the same rate as compatible tubes do. It is in the 
ovary, however, that these two kinds of pollen tubes show a difference. 
No tubes were found in the ovary at 48 hours after self-pollination, 
but many were found there after compatible pollination. Thus, 
although there is a great weakening of incompatibility by allele 
competition in the heterogenic pollen grain in Oenothera which allows 


TABLE 6 


Seed production after self-pollination in tetraploid plants with 
different S genotypes 














Diallelic Triallelic Tetrallelic 
$2.2.3.3, S2.2.4. $2.2.4.6, $2.3.4.4 $2.3.4.6 
$3:3-4-4» $3.3.6. S2.2.3.6, eo4 
$4.4.6.6 $3.4.6.6 $3.3.4. 

Flowers . ‘ . & 70 15 
Capsules te) I 3 
Seeds re) I II 

















the pollen tubes to grow 160 mm. instead of only 5 mm. as in the 
diploid, this is not enough to overcome the strong incompatibility 
barrier in this species. 

Superficially, these results contrast with those found in Petunia, 
Pyrus, Solanum and Trifolium in which seed is produced freely after 
selfing, but fundamentally the difference is only slight. The normal 
incompatibility reaction is much stronger in Oenothera than in these 
other species, consequently the effects due to polyploidy are not 
sufficient to overcome it entirely. 

It is this partial breakdown of incompatibility in Oenothera that 
makes a more complete analysis of the effects of gene interaction 
possible. If seeds were produced by heterogenic pollen grains after 
selfing as in the other species, it would be impossible to discriminate 
between the effects that are described in the next section. 


5. ALLELIC BALANCE BETWEEN STYLE AND 
POLLEN IN INTERCROSSES 


The cross-pollinations are divided into three groups according to 
how the genotypes of the mated plants are related. In the two groups 
to be considered first the crosses are balanced, as opposed to the third 
group in which they are unbalanced. They are balanced because the 
relationship of the alleles in the pollen and the style are similar to, 
either the incompatible or the compatible, matings in diploids. In 
the first group all the S alleles in the male are present also in the 
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female ; this, therefore, corresponds to the incompatible matings 
in diploids. In the second group there are at least two alleles (like 
or unlike) in the male that are not present in the female; this 
corresponds to the compatible cross in diploids. 

In group 1, as expected from the results of self-pollination, few 
seeds are produced (table 7). Furthermore, no seeds are produced 
by the tetrallelic plants intercrossed, while this genotype when selfed 
gave eleven seeds from fifteen flowers. But this difference is not 
significant ; because the eleven seeds came only from two plants 


and these two plants were used in only one of the seven crosses. 


Nevertheless the difference is of interest, because in tetraploid 
Trifolium repens triallelic and tetrallelic plants also set more seeds on 
selfing than on intercrossing, and in this species the difference was 
significant (Atwood, 1944). 

In group 2, in contrast to group 1, each male plant produces at 
least one type of pollen containing two alleles, none of which are 
present in the female parent of the cross. In these crosses the seed 
set is high in accordance with expectation (table 7). 

But there are significant differences between the seed sets of 
different classes within group 2. The diallelic xtriallelic and the 
diallelic x tetrallelic combinations are significantly less productive than 
the others. The explanation for this is to be found within the 
diallelic x triallelic matings. In the first two crosses, S2.2.3.3 x S3.3.4.6 
and S2.2.3.3 x S2.2.4.6, the functioning pollen grains are heterogenic, 
$4.6, and the seed set is five per flower, while in the other two 
crosses the pollen grains are homogenic and the seed set is 53°6 per 
flower. 

The following comparison is based on table 6 :— 


Functioning pollen . . Heterogenic §Homogenic 
Seeds per flower . ~ 16°5+5°7 64°1+6°1 


It is evident that the low seed set in some of the balanced compatible 
crosses is mainly due to the pollen grains being heterogenic for S 
alleles, and that these heterogenic grains are about one-third as 
effective as the homogenic grains in achieving fertilisation. 

There is further evidence on this point in section 3 (cf. tables 2 
and 3), where a significant deficiency of functioning heterogenic 
gametes from an S2.2.3.3 plant was found. With a second plant, 
$4.4.6.6, the deficiency was not significant but the number of 
heterogenic gametes was below expectation, particularly on the 
male side. This lowering of viability or fertility of heterogenic 
gametes is discussed later when further data have been considered 
and analysed. 

The third group to be considered consists of crosses which are 
unbalanced. They are unbalanced because the only pollen genotypes 
that are likely to function, if in fact they do function, have one S 
allele that is present and one that is not present in the female plant. 

G 
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For example, in the cross S2.2.3.4 x S2.2.4.6, if there are any functional 
pollen grains they will be either $4.6 or S2.6, both of which have 


TABLE 7 


Seed production of intercrosses between pairs of genotypes that are balanced ; balanced— crosses 
are those in which ail the pollen genotypes have both S alleles present in the female ; 
balanced+- crosses are those in which at least one type of pollen has both S alleles not 
present in the style. 












































Group 1. Balanced — Group 2. Balanced + 
5 e | 8./8 
2 o g 2 
2 SEE: E SHEE } 
8 | | ew AS | me | x 
Diallelic x Diallelic Diallelic x Diallelic 
$2.2.3.3X S4.4.6.6 | 1 2 | 2 | 207 
$3.3.6.6x$3.3.6.6| 2 |3]0 ]0 Si40x 2254 Sleds qed y 
alata ee 83 3-4-4 X 34.4 2/3/83)! 
Triallelic x Diallelic $4.4. r $3.3. r% 4 I t 1 66 
$2.2.3.6S3.3.6.6| 1 r|o]o S4.4.6.6 x $3.3. e Pee Tae 
$3.3.4.6x $3.3.6.6 | 1 z-| o | © $4.4.6.6 x S2.2.4.4 1 e | & fe 
$3.4.6.6 x $3.3.6.6 | 6 Se hw ars 
$3.4.6.6 x $3.3.4.41 2 2{|olo 712 
i il ee ee Diallelic x Triallelic 
a. oe ae ° 12 $2.2.3.3 x $3.3.4.6 
SsatexSsaeel 5 | 8 2 ly Seaggxseegs| 1 |i | 6 
: a ee 3-4.4 X $2.3 48 6| 1 al ie My 
Tetrallelic x Diallelic soot xS2.2.4.6)/ 2 | 2 | 2] 97 
$2.3.4.6x $3.3.6.6 | 2 2|o]|o 
50.5-48% Sh.44 1 1} ol]o 34°2| 
$2.3.4.6 x $4.4 I t | © [se aa 
Tetrallelic x Triallelic Diallelic x Tetrallelic 
$2.2.3.3 x $2.3.4.6 | 1 a 17 
egret pe 4 }-o fo ao-8-44% 299-44 I ri 3 24 
S2.3.4.6x $2.3.6.6| 3 re $3.3.6.6x S2.3.4.6/ 3 | 3 | 2] 65 
$2.3.4.6 $3.3.4.6 | 4 4°) @-[° — 
$2.3.4.6 x $2.3.4.4 I 2liolo 21°2 
Tetrallelic x Tetrallelic Triallelic x Dialle!i 
riallelic X Viallelic 
S2.3-4.6xS2.346| 5 | 7/0 | © $2.2.4.6 x $3.3.6.6 | 2 2 | 2 | 199 
99°5 
Triallelic x Triallelic 
$2.2.4.6X $3.3.4.6| 1 1 | 96 
pee4X eee I 3 F'3 57 
$3.3.4.6x S2.2.3.6| 1 a 40 
ao 8-4-8 0.0.54 I 2.02 23 
S3.3.4.6xS2.24.6/ 2 | 2| 2/| 75 
48°5 























only one allele common to the female parent. Furthermore, the 
allele common to the pollen grain and female parent may be either 
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al in single dose in the female as in the case of S4, or in double dose as 
ve in the case of S2. 
To denote these differences, pollen grains are represented as Sx.y 
W when the Sx allele is present in either single or double dose and the 
le; Sy not present in the female. It is evident that by making certain 
not crosses it is possible to compare Sx.y with Sx.y. In other words, it is 
possible to determine whether there is any dominance between 
alleles in the pollen grains. 

As the data show (table 8) some of these unbalanced crosses are 
= completely compatible, setting 9-29 seeds per flower pollinated ; 


TABLE 8 


Seed production of intercrosses between pairs of genotypes that are unbalanced ; i.e. the 
only pollen grains which have an S allele not present in the female parent have one allele 
present and one allele not present in the female. A suffix in bold-face type, e.g. Sx, signifies 

















; that this allele is present in the female in single or double dose ; a suffix in ordinary type, 
A e.g. Sx denotes that this allele is absent from the female. 
6 
3 
A tiie Seeds | Unbalanced pollen genotypes 
F Flowers |Capsules| per 
’ iene flower 
7 Incompatible Compatible 
2 Group 
3 Brest tree: I I I 60 ‘ia $3.6, $4.6 
t $2.2.3.4 X $2.2.4.6 6 8 5 20°7 saa $2.6, $4.6 
] "inex ees 2 3 3 15'0 ” S2.6, $4.6 
S2.3.4.4X $2.3.4.6 2 2 2 29°0 eee S2.6, $3.6, $4.6 
2 
* $3.3.6.6 x 3.3.4.6 5 I 2°4 | $3.4, $4.6 
S2.3.6.6x Se406 6 3 I 05 | $3.4, $4.6 
$2.3.6.6 x S2.2.4.6 5 6 o 0-0 | S2.4, S4.6 
! 2 ba tet ree: 5 5 o 00 | S2.4, 4.6 
$2.3.6.6 x $3.3.4.6 2 2 fe) 00 | $3.4, $4.6 
$2.3.6.6 x $2.3.4.6 I I o 00 | S2.4, $3.4, $4.6 
“| $2.2.3.6 x 2.3.4.6 4 4 te) 00 | $2.4, $3.4, $4.6 
2 
~ $3.3.6.6 x S2.3.6.6 7 7 3 8-6 ate $2.3, $2.6 
2| S334 ot aH I 2 2 190 ‘ait S2.3, S2.4 
$3.3.4.6 x 2.3.4. 4 4 4 22°0 Po $2.3, S2.4, $2.6 
é $2.2.3.3 X $2.2.3.4 4 ” o 0-0 | S2.4, $3.4 
5) S2.2. rae xX $2.2.3.4 I I fe) 00 | $2.3, $3.4 
el 4, 32 3.6.6 X $2.2.3.4 5 5 I 0-4 | S2.4, $3.4 
4) S2.2.3.6 x $2.2.3.4 5 6 ° 0-0 | S2.4, $3-4 
$2.2.4.6 x S$2.2.3.6 4 4 te) oo | S2.3, S3. 
$2.2.3.4 X 2.2.3.6 I I fe) 0-0 | $2.6, $3.6 
$4.4.6.6 x S3.4.6.6 3 4 3 140 uae $3.4, $3.6 
5{sf 2.4.6 x $2.3.4.6 5 5 5 é6 ase $2.3, $3.4, $3.6 





























ss 2 


others are completely incompatible, setting no seeds; and yet two 
others are partially compatible, setting 0-5-2-4 seeds per flower. The 
latter is provisionally classed as incompatible, since balanced in- 
compatible crosses occasionally produce a few seeds (table 7). 

The explanation of these differences must be found in the only 
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two variables between the crosses, viz. (1) The dosage in the style of 
the allele which is common to the pollen and style differs between 
crosses, and (2) the actual alleles which are common to pollen and 
style differ between crosses. 

Let us consider the style dosage difference first. Among the un- 
balanced crosses (table 8) evidence of a negative kind can be obtained 
from the incompatibility of a pollen genotype in styles carrying one 
of its alleles in single or double dose. For example, $4.6 pollen grain 
is incompatible in all crosses in which there are either one or two 
S6 alleles in the style. The S2.4 pollen genotype behaves similarly. 
In these cases dosage appears to have no effect. 

Further evidence, based on a more delicate test, comes from the 
pollen-tube growth of haploid pollen. This test is particularly 
sensitive to any change of genotype or environment (Lewis, 1942), 
and no effect on the growth of haploid pollen tubes of different dosages 
in the style has been found with any of the alleles. It is highly probable, 
therefore, that different dosages in the style have no effect, and in this 
work it is assumed to be so. 

The differences in seed set found among unbalanced crosses must, 
therefore, be due to the only other variable—the different S alleles 
involved. The most striking example is seen by comparing, in 
table 8, the crosses in group 1 with those in group 2. Group I crosses 
have a normal seed set, showing that they are compatible. In these 
crosses there are two or three different pollen genotypes, each of which 
has one allele present and one not present in the female parent. 
Thus it might be expected that any one or all of the pollen types 
function. A discrimination can be made by eliminating those pollen 
genotypes which are present in incompatible crosses. Since $3.6 
and S2.6 appear in incompatible crosses in group 4 the only compatible 
pollen in group 1 is $4.6. The female plants in this group all have 
$4 but lack S6. In contrast, group 2 crosses show that $4.6 pollen 
is incompatible on a female with the reverse condition, i.e. with S6 
but lacking S4. 

A similar comparison of group 5 with group 2 shows that $3.4 
pollen is compatible in a style carrying S4 but lacking S3, and is 
incompatible in a style with S3 but lacking $4. 

It is not possible from the data in table 8 alone to distinguish 
which of the three pollen genotypes in group 3 is compatible, but an 
analysis of the next generation seedlings (family 6/46, table 9) gives 
decisive discrimination. From this it is clear that only S2.3 pollen 
is compatible and this is in a style carrying S3 but not S2; ina 
style with the reversed condition, i.e. with S2 but lacking Sg, this 
pollen genotype is incompatible. 

The other family analysed in table 9 gives conclusive confirmation 
to the deduction made above that it is the $4.6 pollen that is compatible 
in group I crosses. 





a 
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TABLE 9 


Genotypes of progenies from two crosses listed in Table 8 
analysed to show which of the pollen genotypes are compatible 
































Family 6/46. $%3.3.4.6x S2.3.4.6 
Expected numbers with the following 
Found compatible pollen 
$2.3 $2.4 $2.6 
$2.3.4.6 I 13 26 26 
S2.3.6(8) 4 26 0-0 3°9 
$2.3.3.3 3 13 00 0-0 
3 ; ‘ . 
S2.3.4(3) o 2°6 3°9 0-0 
$2.4.6 (é) o 0-0 13 13 
Family 18/46. $2.2.3.4 x S2.2.4.6 
Expected numbers with the following 
Found compatible pollen 
$4.6 $2.6 
S2.4.6(7) 3 6-9 46 
$2.3.4.6 6 4°6 2°3 
$2.2.3.6 fe) 0-0 4°6 
$3.4.4.6 5 2°3 00 
$2.2.2.6 rs) 0-0 2°3 




















6. DOMINANCE IN THE POLLEN GRAIN 


It has been shown in the last section that $4.6 pollen grains are 
compatible in a style carrying S4 and lacking S6, hence the S6 
allele overrides the effect of S4 in the pollen. The same pollen grain 
on a style carrying S6 and lacking Sq is incompatible. Thus the $4 
allele does not interfere with the action of S6 in the pollen grain. In 
other words, the S6 allele has a dominating effect over S4, but before 
we can call this true dominance two other conditions must be satisfied. 

(1) Heterogenic (S4.6) pollen grains in a style carrying S6 
and not S4 should have the same incompatibility reaction as the 
homogenic (S6.6) pollen grain in a style carrying both these alleles. 
For technical reasons it is impossible to determine whether pollen- 
tube growth differs in these two crosses, but no seeds are produced in 
either. 

(2) S4.6 pollen grains should be compatible in a style carrying 
S4 and not S6 to the same extent as in a style carrying neither of 
these alleles. The mean seed production in these two cases respectively 
is 19°6+8-0 and 16:5+5:7 per flower pollinated. In no respect, 
G2 
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therefore, is the evidence against the effect being true dominance, 
and in many ways there are decisive data in favour. 

On similar evidence S2 is dominant over S3 in an $2.3 pollen 
grain and $3 is partially dominant over S4 in $3.4 pollen. The 
pollen $3.6, S2.6 and S2.4 fail to produce seed in all styles carrying 
one or the other of these alleles, hence these types do not show 
dominance. From the results in table 4 we know that there is 
competition between the alleles in $3.6, S2.6 and $3.4 pollen, 
which results in partial suppression of the action of both alleles. 

These interactions in the different genotypes are summarised 
below :— 














pa oo. Competition | Dominance aoe Competition | Dominance 
$3.6 + _ $4.6 - S6 
$2.6 + = $2.3 ae Se 
S3.4 bs $3 S2.4 - - 

















The question now arises as to what the three relationships, viz. 
dominance, competition and no interaction established between the 
four alleles, have with one another. The results show that the four 
alleles can be placed in a linear order to which fixed values are 
assigned as in fig. 1. 

We then find that (1) differences of 10 or less between alleles on 
the same scale give competition ; (2) differences between 15 and 30 
give dominance of the higher over the lower in proportion to the 
difference ; (3) with a difference above 30 interaction ceases. 

I have reason to believe that a linear order will not prove to be a 
sufficient specification of these alleles ; it does, however, provide a 
frame of reference in the design of future experiments. 

In diploid and tetraploid styles the S alleles are independent in 
their action. Thus the specific action of each allele in the style is 
confined to repelling pollen tubes carrying the same allele. In fact, 
the whole system of incompatibility in diploid plants depends upon 
the style inhibiting two kinds of pollen. If one allele were dominant 
in the style only one kind of pollen would be inhibited, and since 
the pollen reaction is determined by its own gametic constitution 
this would lead to self-compatibility. Since the incompatibility 
mechanism requires this independence of gene action in the diploid 
style it must have been brought about by natural selection. It is not 
surprising that such independence should persist in the tetraploid style. 

In the haploid pollen grain, however, no such selection has been 
at work; the necessary environment of having two alleles in the 
same nucleus has not been present. It is to be expected, therefore, 
that S alleles in diploid pollen grains would show new interactions. 
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The dominance relationship between some of these alleles in the 
diploid pollen grain must also be independent of selection. Clearly 
these alleles have dominance as a primary property of the gene. 

It would be hazardous to infer that a similar property is present 





COMPETITION LE. DOMINANCE 
SCALE MLELES SCALE 


SELF POLLEN-TUBE LENGTH 





SEED SET PER FLOWER 
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Fic. 1.—The four S alleles arranged in linear order according to their interactions, 
viz. (1) Competition as measured by the growth of pollen tubes from heterogenic 
combinations of alleles in self-pollinations, and (2) dominance as measured by seed 
set in crosses where the lower (i.e. recessive) allele of a heterogenic combination is 
present in the femaie parent. Straight line joining the S alleles, competition ; curved 
line, dominance of the higher over the lower. 

Note.—Alleles close together on the scale, ¢.g. S2 and S6 show competition and no 
dominance, alleles further apart, e.g. S6 and S4 show dominance and no competition, 
alleles at an intermediate distance apart (e.g. S3 and S4) show dominance and competition, 
and alleles at the extremes of the scale show neither competition or dominance. 


with other genes, because the incompatibility gene differs from these 
in a number of ways. The most important difference is probably 
that the S alleles are neomorphs, and most mutant alleles of ordinary 
genes are hypomorphs (Muller, 1933). Thus S alleles differ in their 
effects on the phenotype in a qualitative way ; each allele produces a 
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new “character.” The normal allele and hypomorphic mutants of 
more ordinary genes produce similar effects on the phenotype but of 
different degree; the difference is here quantitative rather than 
qualitative. 

Dominance in most genes is due to selection of the whole genotype 
as shown by Fisher (1930), but it seems improbable that it is due 
entirely to selection of the background genes since we have seen that 
genes can be dominant without selection having operated. Clearly 
chance differences between a wild type allele and a mutant can give 
complete dominance. 

An effect similar to the competition between some of the S alleles 
has been found in Drosophila melanogaster by Dubinin (1929) and Agol 
(1931) at the scute locus. In compounds of different scute alleles 
“the different types of the gene scute result in a partial reversion to 
the wild type, revealing only those characters which are common to 
both genes present in the compound, while characters specific of each 
mutation disappear ”’ (Agol, 1931). In both the S gene in Oenothera 
and the scute gene in Drosophila the full expression of both alleles are 
mutually suppressed when two different alleles are present together. 

The interesting point about this similarity is that the alleles of both 
the S gene and the scute gene are neomorphs to one another. It is 
clear that competition interaction can only be observed in neomorphs. 
For, if one allele is hypomorphic to the other, the compound is unlikely 
to have a lower expression than the hypomorph itself, since both 
alleles are acting towards the same character expression. 

The cubitus interruptus gene in Drosophila melanogaster is an example 
of interaction between normal and hypomorphic alleles. Stern 
(1943) has shown that increasing doses of the ci allele leads towards 
normality of the character, but that a heterozygote ci+ is less 
normal than the hemizygote +, but more normal than the homozygote 
ci ci. Clearly the ci allele has competed with the wild-type allele 
so that the wild-type allele cannot gain its full expression, but because 
the two alleles are working towards the same end result, the total 
effect in the heterozygote is greater than the effect of two ci alleles. 

These examples show that the interaction effects between two 
neomorphs are different from the interaction effects between a 
hypermorph and a hypomorph. The interaction may be similar 
but its expression is different. 


7. GENERAL PRINCIPLES 


The main effects of tetraploidy on incompatibility can now be 
stated. 

1. Some pairs of different S alleles compete in diploid pollen 
grains. The interaction results in compatibility of the pollen grain 
in a style carrying both the alleles. This effect is partial in Oenothera 
organensis and complete in Petunia sp., Pyrus communis, Pyrus malus and 
Trifolium repens. 
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2. Pairs of S alleles which do not shew competition may show 
dominance of one allele over another in the pollen grain. 

3. These two effects differ according to the species in their power 
to alter the incompatibility reaction. 

With these three principles it is possible to explain the results in 
most species that have been adequately tested. An entirely different 
effect has been introduced, however, by Atwood (1944) to explain 
his results in tetraploid Trifolium repens, viz. “‘ that growth of pollen 
bearing two different alleles depends sometimes on the interaction 
between the stigma and all pollen placed upon it rather than on a 
specific oppositional effect.” Thus in Trifolium repens all diallelic plants 
are assumed to be self-incompatible because they produce only 
one type of heterogenic pollen grain ; while triallelics and tetrallelic 
plants in virtue of their producing more than one type of hetero- 
genic pollen are self-compatible. This principle is not applicable to 
Ocnothera organensis, Pyrus species, or Petunia, since in O¢enothera no 
plants are fully self-compatible and in Pyrus and Petunia diallelics 
are self-compatible. 

Certain difficulties were encountered in the results on Trifolium, 
such as cross-incompatibility in one direction only, between the 
parents and the F, plants, which were assumed to be diallelic. An 
equally satisfactory fit to the results in Trifolium can be made with 
the three principles laid down above, but it is unprofitable to do this 
without first having an accurate knowledge of the tetraploid genotypes. 
This can only be obtained by a method which is independent of 
behaviour that is conditioned by tetraploidy. It would be most 
valuable to have these genotypes accurately determined by using 
haploid pollen of known constitution. 

An interpretation can be made on the lines of the Oenothera results, 
that certain combinations of alleles compete in the pollen grain and 
are compatible and other combinations do not compete and are 
incompatible. In fact the results of self pollen-tube growth in 
Oenothera given in table 4 are strikingly similar to the results of self- 
pollination in Trifolium, if we make the assumption that competition, 
when it occurs, between different S alleles in pollen grains is enough 
to overcome incompatibility in Trifolium. Such an interpretation 
without introducing any new effects would explain the presence of 
self-incompatible diallelic plants and the self-compatibility of the 
triallelic and tetrallelic plants. 

Evidence that different S alleles compete in the pollen to give 
compatibility has been found in three species, but evidence that, 
within a species, some combinations of S alleles compete in this way 
and other combinations do not, has been found only in Oenothera. There 
is good evidence, however, of a similar condition in Pyrus malus. By 
giving heat treatments to pollen-mother-cells a proportion of the pollen 
grains are diploid, and if this mixed pollen is applied to incompatible 
styles, seeds are produced giving triploid progeny (Lewis, 1943)). 
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Further results have shown a remarkable situation in apples. 
Apple varieties are of two kinds. Beauty of Bath and Northern Spy 
after treatment and self-pollination produce a high set of seeds which 
contain triploid embryos. Charles Ross and Lane’s Prince Albert, 
on the other hand, although much diploid pollen was present, did not 
produce seed. 

This is exactly the sort of effect which is to be expected on the 
Oenothera results. Varieties which give triploids contain pairs of S$ 
alleles that compete in the pollen. Varieties which do not give triploids 
contain S alleles that do not compete. 


SUMMARY 


1. Incompatibility alleles in general provide means for specific 
tests of gene interaction on a large scale by the study of pollen-tube 
growth and seed set. Further, in tetraploids the diploid pollen 
provides the means of studying the interaction of alleles which have 
never had to interact before, 7.e. prior to selection. 

2. Ocnothera organensis has 45 alleles of the S gene, S1.2.3... 
each specific and absolute in preventing self-fertilisation in the diploid. 

3. The plants produced from doubled Oéenothera organensis are 
always diallelic, e.g. S2.2.4.4 or S3.3.6.6; their pollen is of two 
kinds, one-third homogenic, ¢.g. S2.2, $3.3 and two-thirds hetero- 
genic, S2.4, $3.6. 

4. S2.2.4.4 plants selfed all have short pollen tubes. Both types 
of pollen are equally inhibited. 

5. $3.3.6.6 plants selfed produced two-thirds of long tubes, 
evidently S3 and S6 interact or compete to suppress their individual 
effects in the heterogenic pollen. 

6. Of the alleles examined $2.6, $3.6 and S3.4 compete, and 
$2.3, S2.4 and $4.6 do not compete. 

7. Diallelics intercrossed give not only diallelics, but also triallelics, 
e.g. S3.4.6.6 and tetrallelics, e.g. S2.3.4.6. These, when selfed, have 
all given some long tubes because, so far, they all have some pollen 
genotypes with competing alleles. 

8. The long pollen tubes of triallelics never, those of tetrallelics 
rarely, achieve fertilisation. 

g. Crosses between diallelics and between triallelics which are 
identical in respect of the S alleles give the same types of gene 
competition and consequently the same degree of pollen-tube growth 
and fertilisation as do the self-pollinations. 

10. In crosses where the male parent has two like or unlike alleles, 
which are not present in the female, seed is of course produced. 
But, for an unknown reason, more seed sets when the compatible 
pollen grains are homogenic for S than when they are heterogenic : 
the S heterogenic pollen grains are at a disadvantage in respect of 
general fertility. 
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11. Certain crosses between triallelics reveal the occurrence of an 
inherent dominance. An $4.6 pollen grain gives seed in an S2.3.4.4 
style, but not in an $2.3.6.6 style. Thus S6 is dominant over S4 
in a diploid pollen grain; similarly, in an S2.3 pollen grain, S2 
is dominant over $3 ; in $3.4 pollen S3 is dominant. This dominance 
must be an unselected property of the gene since selection has never 
been operating in the diploid pollen. 

12. The known self-fertility of tetraploids and of unreduced 
pollen of self-incompatible species, particularly in Petunia, the apple 
and pear seem to be explained by the two methods of interaction, by 
competition and by dominance. 


APPENDIX 
Terms 
Diallelic . : . Atwood (1944). A tetraploid plant with two 
different alleles. 
Triallelic . ‘ . Atwood (1944). A tetraploid plant with three 
different alleles. 
Tetrallelic . . Atwood (1944). A tetraploid plant with four 
different alleles. 
Heterogenic  . . Fisher (unpublished). A gamete with different 
alleles. 
Homogenic . . Fisher (unpublished). A gamete with the 
same alleles. 
Balanced+ crosses . Those in which at least one of the pollen 


genotypes has neither of its two S alleles 
present in the female parent of the cross, 
e.g. S1.1.2.2 X S1.1.3.3. 

Balanced— crosses . Those in which all the pollen genotypes have 
both their S alleles present in the female 
parent, ¢.g. S1.1.2.2 X S1.1.2.2. 

Unbalanced crosses . Those in which the only pollen genotypes, 
which have an §S allele not present in the 
female parent, are those which have one S 
allele that is present and one that is not 
present in the female, e.g. S1.1.2.2 x S1.1.2.3. 


Symbols 


1. The traditional way of denoting the genetic constitution of a 
plant in respect of the incompatibility (S) genes as S,S, has been 
shortened to Sx.y. 

2. It is necessary with diploid pollen grains to be able to denote 
the relationship between the two S alleles in the pollen and the S 
alleles in the style of a particular cross. When an allele is common 
to the pollen and style the suffix is in bold-face type, thus an Sx.y. 
pollen grain on an Sx.x.z.z. style is denoted as Sx.y. 
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In the evolution of cultivated plants, the evolution of productivity 
has been the predominant factor. It is a generalisation which applies 
to many crops that, with regard to quality factors, the gap between 
our cultivated plants and their wild or weed ancestors is smaller in 
degree and in complexity than it is with regard to yield. 

In both directions plant breeders have made spectacular advances 
in recent years, assisted to a large degree by a fuller understanding 
of the factors involved. When it is now felt that in various crops the 
limit of advance has been reached, a close examination of the bases 
of plant breeding is called for. This paper is chiefly concerned with 
the problem of yield. The bases of plant breeding for yield are not, 
however, peculiar to yield alone. 

The main increases in yield have been, and are being, achieved 
by overcoming limiting factors whose effects can be distinguished 
with a fair degree of certainty, rather than by assembling productivity 
genes, althongh the latter process is likely to have accompanied the 
former. It is well known that the spectacular advances of recent 
years are all of the former order. The introduction of rust resistant 
wheats in Western Canada alone are estimated to have raised the 
wheat production by 41,000,000 bushels annually (Craigie, 1944). 
Other characters introduced by breeding, though not of equal 
significance with regard to yield, may be of great agronomic 
importance. Combine harvesting, for example, would have been 
impossible in New Zealand without varieties with a high degree of 
resistance to shattering. Characters of this nature are in the main 
“ observable.” The question is raised whether, once selection against 
these limiting factors has reached its limit, further advance is possible 
and practicable. 

GENERAL 


In the first chapter of his book, Theoretical Bases of Plant Breeding, 
Vavilov (1935) outlines the evolution of plant breeding from an art, 
as old as man himself, through an industry, into a science. It is a 
“complex science” ; for although scientific plant breeding springs 
from the study of heredity and evolution—Vavilov cites Darwin, 
Mendel, Johannsen and de Vries as its chief founders—it draws on 
many other sciences. 

The task of plant breeding is the production of improved cultivated 
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plants. Progress in breeding may result from the application of purely 
empirical methods, but “ to ensure certainty, speed, and pre-eminence 
in the essential tasks’ (Vavilov Joc. cit.) it is necessary to replace 
empiricism by scientific method. 

To be of value, a theory of plant breeding must be composite, 
since each phase of the breeding process is to be related to its scientific 
bases in various fields. According to Vavilov, the following six 
sections constitute this complex science :— 

1. The study of the potentials of original varieties, species and 

breeds (the phytogeographical basis of breeding). 

2. The study of inherited variability (laws governing variation, 
the study of mutations). 

3. The study of the effect of environment on the emergence of 
varietal characters (variety and environment, the influence 
of particular factors of environment, the study of the stages 
of plant development and its application to breeding). 

4. The theory of hybridisation of closely and remotely related 
forms. 

5. The theory underlying breeding practice (self- and cross- 
pollination, vegetative and apogamous reproduction of 
plants). 

6. The study of the chief aims of breeding : immunity to disease, 
certain physiological characters (winter-hardiness, resistance 
to drought, photoperiodism), properties useful for industrial 
purposes and chemical composition. 


On these foundations the following are the main phases of scientific 

plant breeding :— 

1. Collection and classification.—The collection, observation, descrip- 
tion and systematic classification of original material. 

2. Inter-specific—The study of the origin, evolution, relationship 
and crossing behaviour of major systematic units. 

3. Intra-specific—The study of the nature, origin, variability 
(genetic and environmental) and inheritance of varietal 
differences. 

4. Selection and testing —The study of the effects of selection, as 
defined by system of propagation, nature of variability, and 
reliability of estimation ; the study of tests of the significance 
of selection. 


These four sections are by no means distinct, with theoretical bases of 
their own ; on the contrary, they are closely interrelated, each serving 
to build up the other, and all based on the same foundations :— 

Biological—Plant geography, anatomy, physiology, genetics, 

cytology, ecology, phytopathology. 

Phystcal.—Biochemistry, biophysics. 

Mathematical.—Statistics. 

Applied—Agronomy, technology. 











PLANT BREEDING FOR YIELD III 


Vavilov’s work to a large degree has provided the “ modern 
synthesis,” which we may now term the science of plant breeding. 
In this essay an attempt is made to see how far it goes towards 
providing the theoretical bases for the four phases of plant breeding, 
and where and how these bases could be further utilised to raise the 
productivity of cultivated plants. 


FIRST PHASE : COLLECTION AND CLASSIFICATION 


The explorations and systematic observations of Vavilov’s Institute 
of Plant Industry have yielded a phytogeographical theory of the 
evolution of cultivated plants, which was recently summarised and 
further developed by Darlington (Introduction to Darlington and 
Janaki Ammal, 1945). The “ centres of development,” which Vavilov 
discovered, have yielded essential knowledge and equally essential 
plant material. The two contributions are closely connected ; for 
once we know where the greatest range of variation occurs, we can 
collect the material needed for constructive breeding. Again in 
setting comprehensive and precise standards of observation and 
description (¢f. for example Vavilov, 1922-23) under carefully selected 
and representative ecological conditions, the Russian school not only 
discovered new approaches towards a phylogenetic classification, but 
enabled its plant breeders to select from the almost infinite number 
and range of variants those needed, and best suited, for their respective 
breeding tasks. 

The theoretical basis for the first phase of scientific plant breeding 
has therefore been provided. It facilitates two measures: (a) 
Comprehensive collections of cultivated plants, representing the 
existing range of variation ; and (5) comprehensive descriptions and 
classifications of this material, based on morphological, physiological, 
genetic, cytological, ecological and phytopathological observations 
and measurements. 

Outside the Soviet Union, work as comprehensive as that recently 
conducted on the Empire Potato Collection (Hawkes, 1941, 1944) is 
still the exception rather than the rule. Essentially this phase of 
scientific plant breeding presents new problems of organisation rather 
than of theory or method. It is obvious that the more widespread 
the search, the more comprehensive plant collections will be; that 
the greater the geographical and ecological range under which 
observations are made, the greater is their significance ; and that 
the more searching the description and classification, the more useful 
it will prove to the plant breeder. Clearly this assembly and survey 
of world resources in plant variation require a world effort. The 
magnitude as much as the nature of the task points to the need of 
international co-operation and co-ordination. 
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SECOND PHASE: SPECIES FORMATION 


If comprehensive description and classification of the full range 
of variation is the first basis of scientific plant breeding, the knowledge 
of the modes of origin of discrete systematic units is the second. The 
cytological and genetic processes of speciation in cultivated plants 
have now been classified in many instances, and Crane (1940) and 
recently Darlington (loc. cit.) have classified them broadly, according 
to the nature of the change, into four major groups :— 


1. Selection of mutations, old or new. 

2. Auto-polyploidy. 

3. Crossing of species, without doubling. 

4. Crossing of species, with one-sided or two-sided doubling. 


The consequences of these changes are manifold. In the first 
instance, where crosses are involved, that is in groups 3 and 4, 
chromosome complements are joined whose mutual balance is un- 
tested (Mather, 1943) ; yet the combination may provide a novel 
basis for evolution. Further, as Darlington points out, variability 
may be released whose amount depends not only on the nature of 
the cross, that is whether doubling occurs on two sides, one side, 
or not at all, but also on the internal organisation of the parental 
chromosomes and on their mutual relationships. 

Finally, as a result of such changes, there will be found varying 
degrees of adaptation to the environment and of approximation to 
the breeder’s specific aim, depending on the nature of the change 
and of the material, and on the system of propagation. A cross 
between species which normally are asexually propagated, may lead 
to a well-adapted, directly usable form. On the other hand, a cross 
of seed-propagated forms—especially after chromosome doubling—is 
likely to yield a more or less narrow range of uncertain adaptation, 
whose principal, though potentially important, advantages are the 
possession of a new balance, of new gene combinations, and as stated 
previously, in some instances of newly released variability. Whatever 
the relationship of the parents or the nature of the change, initially the 
new form or forms lack that breadth of variation which older species, 
thanks to mutation, hybridisation and selection, have built up in time. 

Two methods are available for broadening the range of variation 
of such new products : a multiplicity of crosses between varieties of 
the same parent species, with the further chance of intercrossing 
their hybrids, and a series of multiple crosses, using the new hybrid in 
combination with related forms. Both approaches have been used 
(for example, Miintzing, 1939; Zhebrak, 1944 @ and 6, 1946) ; 
both are laborious. They are likely to yield a wider range of variants 
than would be adapted to, or useful in, any one locality. Hence 
much that is discarded in one place may be of the utmost value in 
another. It seems that for their full and rational exploitation such 
projects call for the widest measure of co-operation. 
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THIRD PHASE: INTRA-SPECIFIC EVOLUTION 


Plant breeding as we know it to-day has its main roots in two 
scientific discoveries : those of Vilmorin and Johannsen and of Gregor 
Mendel. The former was exhausted as a source of further progress 
once the full implications of the distinctness of hereditary and 
environmental components of development were understood and 
applied. Mendelian theory, on the other hand, is fundamental 
to every concept of modern genetic theory. Its developments have 
affected every sphere of general and applied genetics. With its 
complementary theories of linkage and gene mutation, mendelism 
supplies the principal genetic foundation of the neo-Darwinian theory 
of evolution (cf. Huxley, 1942) ; and since, to use Vavilov’s phrase, 
plant breeding is “ evolution directed by the will of man,” mendelism 
is the theoretical basis of the directed evolution of cultivated plants. 
This applies particularly to that phase which has been—and must 
/ remain—the main field of plant breeding, that is, the breeding and 
selection within genetic species. 

The value of mendelian theory and its developments, in its 
application to plant breeding, has been twofold :— 


(a) It has facilitated precise information on the mode of inheritance 
and on the genetic relationships of a great many characters 
of economic significance ; in the main such information is 
confined to characters which are based on a relatively small 
number of genes with readily observable effects. 

(6) It has provided the genetic background for breeding work on 
characters whose nature or whose inheritance is complex 
and to which therefore a simple mendelian type of inheritance 
cannot apply. 


The distinction between complex characters and characters with 
complex heredity is arbitrary and provisional, yet it may facilitate a 
useful approach where, by the resolution of a “character” into 
components, the latter present a clearer genetic picture than does 
the complex character itself. Yield of grain in wheat, for example, 
can be resolved into number of ears per plant, number of grains per 
ear and weight of grain. Some of these may be subject to further 
resolution, such as the number of grains per ear into number of 
spikelets and number of grains per spikelet. Such analytical steps 
would tend to simplify, or even make possible, a genetic analysis. 

Many of the characters of interest to the plant breeder, and, in 
} Particular, yield characters, are determined both by the genotype 
of the plant and the environment in which it is grown. These two 
factors interact so that such characters “‘ exhibit a continuous range 
of variability in segregating populations” (Smith, 1944). The 
resolution of this variation into environmental and _ hereditary 
components, and the discovery of the nature, organisation and action 
H 
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of the latter, constitute the main theoretical problems of breeding 
for yield. 

There is general agreement that quantitative characters are based 
on a number of genes, estimates varying from a few to a few hundred, 
though in some instances the larger numbers seem unjustified (Boyce, 
1946). The majority of authors regard these genes as equivalent in 
nature and organisation to those which determine qualitative 
characters. Mather (1941, 1943, 1944), on the other hand, considers 
the former—the polygenes—can exist as distinct from the other genes 
in location, constitution, organisation and function. According to 
his theory the polygenes are partly located in the heterochromatin 
and are less specific than the euchromatic oligogenes. They are 
organised in linked groups which, through a system of balance which 
is adapted to the breeding system and subject to selection, achieves 
optimal adaptation whilst retaining genetic flexibility. This theory is 
of great significance in its application to breeding for yield characters. 
It requires experimental tests on cultivated plants with a variety of 
breeding systems. 


FOURTH PHASE : SELECTION AND TESTING 


Selection in plant breeding is concerned with the identification of 
individuals, or groups of individuals, which possess inherited character- 
istics rendering them superior to the unselected population. Other 
things being equal, the effectiveness of selection is determined by 
(i) the number and linkage relations of the genes concerned, and 
(ii) their penetrance and expressivity under the conditions of selection. 
These conditions must include the induced environment artificially 
produced by the breeder to increase penetrance, such as infection 
with disease agents, freezing, drought, inducement of lodging in 
cereals, etc. According to this classification, yield characters may be 
divided into two groups :— 


(a) Qualitative characters based on a relatively small number of 
genes with a frequency and degree of expression facilitating 
their recognition, with a reasonable degree of certainty, 
in single plants and their progenies. Examples are bunt 
resistance in wheat and crown-rust resistance in oats (Hayes 
and Immer, 1942). 

(6) Quantitative characters presenting a continuous range of 
variation, and strongly subject to environmental influence. 
Examples are weight in tomatoes (Powers, 1942) and in 
water melons (Poole and Grimball, 1945). 


Admittedly this division of yield characters is arbitrary. It is, 
however, useful in an attempt to analyse the general problem of 
breeding for yield. This may be shown on a diagrammatic example 
illustrating the progress of selection. It is assumed that a cultivated 
plant—in this example a self-fertilising plant, wheat, is used for 
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simplicity—is introduced into a newly settled area; or, as an 
alternative, a newly formed species, with a breadth of variation 
which permits adaptation, is exposed to selective breeding. Then the 
yield of that variant within the species which, prior to the commence- 
ment of adaptive selection, gives the highest yield, determines the 
“ unadapted level of yield.” It is further assumed that it is possible 
to assemble, by successive matings and selection, all the + genes of 
observable characters which are contained in the material; and 
hence that the environment, including induced environment, is suited 
for the recognition of these characters. 

Finally, wheat yields under the given conditions are limited, in 
descending order of magnitude, by winter killing, stem rust, bunt, 
late-ssummer drought, Hessian fly and lodging. Wheat yield is 
shown as determined by its four components, those which are primarily 
affected by selection being indicated by arrows. 
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Diagrammatic description of the effect of selection for “ observable ” characters on 
yield and its components. 
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p = number of plants per area e = number of ears per plant 
n = number of grains per ear g = weight of a single grain 


As the diagram indicates, resistance to the limiting factors, all of 
which are more or less observable, is successively built up to the 
highest degree permitted by the genic complement of the species. 
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This can be widened by introducing genes from related species—for 
example, stem-rust resistance from tetraploid into hexaploid species 
of Triticum—at the same time retaining by selection the major 
characteristics of, and infertility with, the original species. An 
interspecific cross resulting in a new systematic unit, however, creates 
a new specific “‘ unadapted level.” 

Once the limit of observable selection is attained, further advance- 
ment in yield can only be achieved by increases of ¢, n or g. These 
yield components are considered here in a purely formal sense. 
Obviously there may be genes determining the development of any 
of these individually ; on the other hand, genes are likely to control 
them jointly, by determining factors of the plant metabolism. In 
the absence of precise knowledge of the physiological processes, we 
are concerned solely with their results in terms of e, n, g. 

The situation as described above is by no means a purely academic 
problem. It exists in a number of crops, for example in sugar-beet 
in Europe and in wheat in New Zealand. Wherever it occurs it 
raises the question whether further breeding is possible or worth 
while. It therefore demands a close examination of the genetic 
situation, so far as it is known or deducible, of methods of breeding 
and selection in use, and of possible improvements in technique. 

It must be realised that when this stage is reached, selection for 
é,n, gis not atits start. In fact it is likely to have proceeded throughout 
the breeding process, for the following reasons :— 


(a) The aim of improving the yield is ever present, even where 
observable characters are the principal object of selection. 
Whether selection for yield itself, that is for e, n, g, is 
possible in single plants and their immediate progenies will, 
however, be discussed later. 

(b) In practically every breeding project connected with yield, it 
is necessary at some stage to conduct tests which are subject 
to analysis by statistical methods. Even though resistance 
to one of the limiting factors be the main objective, there is 
a likelihood of segregation of genes for ¢, n, g, and scope for 
selection among the lines which prove resistant to the 
limiting factor. It must be remembered, however, that at 
this stage the population in which selection takes place 
is of necessity limited in size. 

(c) Morphological or physiological characteristics which determine 
resistance to limiting factors may indirectly act on e, n, g. 
For example, an enlarged root system, or increased resorption 
of soil moisture, may not only affect drought resistance, 
but, through increased resorption of soil nutrients, also e, n, g. 


In consequence, the yield components ¢, n, g may have been raised 
by indirect selection beyond the level secured for them by the 
maximum removal of observable limiting factors. 
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At this point the major question arises: Is it possible to select 
directly for e, n, g? The answer depends on the relative values of 
genetic and environmental variances, that is, on the presence and 
magnitude of genetic variation, and on the degree to which environ- 
mental factors render genetic variation unrecognisable. It is thus 
necessary to examine whether our provisional classification of yield 
components proper as “‘ unobservable” in single plants and their 
immediate progenies,* that is, in the first phase of the selection 
process, is justified. The implication is of great importance. For 
should ¢, n, g prove unrecognisable at this stage, serious restrictions 
would be imposed on the progress of selection. In this first phase, 
selection of single plants usually takes place in any generation after 
the cross, with or without further re-selection, both depending on the 
system of propagation and on the breeding objectives. The main 
feature of this phase is the facility it affords for selecting in large 
populations. The second phase, which commences once numbers 
have been suitably reduced in the first, is characterised by superior 
precision, for at this stage replicated tests yield results to which 
statistical methods can be applied ; but populations, for reasons of 
space and working capacity, must be limited in size. 

It should be borne in mind that, on general grounds, yield 
components must be expected to depend on a large number of genes. 
Poole and Grimball (1945) recently found the weight differences 
between two varieties of water melons based on 12 to 13 genes. Whilst 
in this case a plant homozygous for all of these could be expected, 
in the absence of linkage, only once in 17,000,000, even one homo- 
zygous for three genes could be expected to be found with a fair 
degree of reliability only in a population of 200 individuals (Mather, 
1938). This consideration emphasises the relevance of large numbers. 
It also emphasises implicitly the relevance of “ observability ’’ in the 
early stages of the breeding process; for, if at those stages yield 
differences due to ¢, m, g are not detectable, if in fact selection of 
single plants and their immediate progenies is merely a random 
selection, we are relegated to selection by means of replicated 
yield tests open to statistical treatment. There are, however, 
limitations to the numbers which can be taken into such tests ; 
as a rule, population size is below that demanded by genetical 
considerations. 

A similar situation occurs in breeding for quality characteristics 
when methods for determining these require relatively large amounts 
of material, or where the character is strongly influenced by the 
environment. This is the case in baking quality of wheat, especially 
where selection takes place at higher quality levels. Here the 
application of small-scale tests is unreliable or even misleading 
(Frankel, 1940). Under New Zealand conditions, selection cannot 


* In plants which produce large quantities of seed, replicated trials are possible in the 
immediate progenies of single plants, for example in cotton (Hutchinson, 1940). 
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therefore commence until the yield trial stage, when sufficient grain 
is available for baking and other tests requiring several pounds of 
wheat or flour. Of course there is always a chance, however small, 
that the lines first tested in yield trials may contain the rare high- 
quality genotype. For example, a variety was recently selected with 
a baking quality and a protein content exceeding those of both 
parents, Cross 7 and Tainui, and even of the Canadian quality 
standard, Marquis (Frankel, unpublished). 

To both phases of selection apply considerations of the magnitude 
of genetic variation to be expected, as distinct from frequencies of + 
variants in the population. In many cases, where yield has reached 
an apparent limit by selection for observable characters, further 
mean increases in yield of, say, 5 per cent. or less, may still be attain- 
able and of economic value. The standard deviation in extensive 
lattice yield trials in New Zealand in 1945-46 varied between 6:8 per 
cent. and 9-2 per cent. of the mean. Increases sufficiently large to be 
statistically significant can be expected only when the environment is 
especially favourable for a particular variant. They are therefore of 
a statistical nature; they occur with a certain frequency and a 
certain average magnitude, though the latter may be below the limit 
of statistical significance. Thus, although such increases are both 
real and desirable, their discernment in replicated trials demands 
seasonal and regional repetition of large test series. That differences 
of this nature could not be ascertained in single plants or plots is hardly 
open to doubt. This view is shared on the whole by Hayes and 
Immer (1942, p. 34), although these authors believe that “ when 
homozygous lines are available, those that yield most satisfactorily 
can be isolated through actual comparative-yield trials.” 

This discussion has been focussed on circumstances which primarily 
apply to self-fertilised plants, although essentially the problem is 
universal. Yet in cross-fertilised plants, where the polygenic balance 
is relational, methods are available for raising yields, beyond the 
“top level of observable limiting characters,” which are not based 
on the selection of individual plants. These methods are applicable 
where mating can be controlled either mechanically, as in maize, or 
biologically, as in self-sterile grasses. The biological and ecological 
advantages of line mixtures rather than pure lines have been stressed 
by Harland (1944). It is doubtful whether these methods can be 
applied in self-fertilised plants. Hybrid mixtures resulting from crosses 
of related varieties might be considered (Ellerton, personal com- 
munication; Frankel and Copp, unpublished). The success of 
mechanical mixtures of pure lines will depend on their ecological 
interactions. An extensive experiment on wheat blends did not 
succeed in raising yields (Frankel, 1939). 

Is, then, the answer to the main question, “ Is it possible to select 
directly for yield itself” in the negative? Does the evolution of 
yield, “directed by the will of man,” come to an end when the 
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factors which limit yield have been removed as far as the genic 
complement permits ? 

There are considerations which suggest a slightly more optimistic 
outlook. So long as genetic variation in yield components exists, 
there is always the possibility of selection, by chance, of lines with 
high yield, especially if large numbers are taken into yield trials. 
There are, in fact, examples of varieties with increased yields produced 
under the circumstances outlined above. In New Zealand two wheat 
varieties have been produced (Frankel, 1941, and unpublished) 
which improve on the previous standards in yield, although not in any 
observable limiting character. Doubtless there are other examples, 
especially where breeding has progressed for long periods and where 
there are no rigours of climate or severe pests ; but close definition 
of the circumstances is required before a yield advance can be 
assessed as due to residual resistance to limiting observable factors, 
or to a direct increase of yield itself. However, the aim, as quoted 
earlier, is “to ensure certainty, speed and pre-eminence in the 
essential tasks,” not to achieve success at random. Ellerton (1944) 
suggested on the basis of yield tests of F, hybrids between English 
wheats—for which, it is commonly believed, the limit of yield has 
been reached—that “‘ wheat could be bred for British conditions with 
yield increases of 20 per cent. at least.” If plant breeding becomes 
an exact science, predictions, such as Ellerton makes, should become 
generally possible and reliable. 

If there are indications that “ genetical limits” are merely 
apparent, “‘ imposed by the shortcomings of current breeding methods ” 
(Ellerton loc. cit.), the analysis of the progress of selection for yield 
places emphasis on investigations which “ must aim primarily at 
increasing the precision with which the tools of the breeder—selection, 
adjustment of the mating system, and adjustment of population size— 
can be used to manipulate the heritable variation which constitutes 
his raw material’ (Mather, 19445). Such tools are now available 
through the application of statistical methods. As Mather (loc. cit.) 
suggests, ‘“‘ further progress in this field will depend on the close 
co-operation of geneticists, breeders and statisticians.” The series 
introduced by this paper, by examining problems—of an essentially 
practical nature—involved in the selection for yield itself, is intended 
as a contribution towards this end. 


‘ 


SUMMARY 


The paper discusses the theoretical bases of the science of plant 
breeding, especially in relation to breeding for yield in its several 
steps, collection and classification, species formation, intra-specific 
evolution and selection and testing It develops the difference 
between selection for resistance to factors which limit yield and 
which are more or less “ observable” in single plants and their 
immediate progenies, and typically quantitative factors which 
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determine yield itself. It raises the question whether selection for 
the latter is possible in single plants, and if this is not the case, 
whether selection in replicated yield tests is likely to succeed. 
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INTRODUCTION 
Tue observations described in this note were made during the course 
of some genetical experiments with the Castor Bean, Ricinus communis L. 
In Ricinus, the presence and absence of a waxy bloom on the 
stem form a simple pair of allelomorphic characters, symbolised as : 


B—presence of bloom, and b—absence of bloom (White, 1918). 
White’s results were confirmed by Harland (1918). Peat (1928) 
worked on the mode of inheritance of double bloom, in which 
there was an extension of wax to the under side of the leaf. 
He noted a type called “ triple bloom ” in which there was a 
further extension of wax to the upper surface of the leaf. The 
genetics of “ triple’ was not studied. Peat found three pairs 
of genes governing the interrelationship of double bloom, single 
bloom and no bloom. In addition to the B-b pair of White 
and Harland, there are also : 

C—Bloom on under surface of leaf; manifested only in presence 
of B. Intensifies effect of B on stem, petioles and capsules. 

c—Absence of bloom. 

D—Heavy bloom on stem, petioles and capsules (may be masked 
if C is present) ; only visible in presence of B. 

d—Light bloom on stem. 


In the present experiments only the gene pair B-b was present, 
giving in absence of D, light bloom on stem and petiole. 


DISTRIBUTION OF RICINUS COMMUNIS L. 


The centre of origin of Ricinus, which is a monotypic genus, is said 
to be Abyssinia, though it is now a cosmopolitan and occasionally 
aggressive weed of the Tropics and sub-Tropics. It is highly poly- 
morphic, and many cultivated forms are known. 

In Peru it occurs along the whole of the coastal belt from Tumbes 
lat. 4° S. to Tacna 18° S., a distance of about 1200 miles, It is also 
found in the narrow valleys which are the outlets for the swift though 
small torrential streams which rise in the Andes. At lat. 12° S. the 
last plants of Ricinus are at about 7700 feet. 
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CLIMATIC FEATURES OF THE COASTAL BELT 


Near Lima, where the experiments to be described were carried 
out, the main features of the climate are as follows : ‘‘ From November 
to April there are usually constant dryness, a clear sky and consider- 
able, though by no means oppressive, heat. From June to September 
the sky is obscured for weeks together by fog, which is often accom- 
panied by drizzling rain called garua.” * The climate in the winter 
season is thus damp and disagreeable, with temperatures low enough 
to make some form of domestic heating almost a necessity. 

For this climate the Humboldt current is responsible. The 
temperature records in degrees Centigrade for a year in Lima (lat. 
12° 04’ 30” S.) are as follows :— 


Jan.t Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec, 


Mean max. 28 29 29 26 24 22 19 19 20 21 23 2 
Mean min. 19 19 I 17 17 15 13 12 13 13 15 8 


Mean 24 24 23 22 ar 19 19 14 15 16 18 20 

No other tropical region has such an extraordinary climate, and 
it is thus found that some typical weeds of the temperate zone such 
as the dandelion (Taraxacum officinale) and plantain (Plantago major) 
are completely at home in the Lima lawns. From June to December 
most ordinary European vegetables are grown to perfection, and 
flowering plants from temperate regions also do well. 

The thick fog which blankets a narrow zone along the coast rapidly 
thins out as the land rises towards the Andes, and in travelling up 
the Rimac valley, which leads from Lima inland, the fog bank 
disappears at from 1500 to 2000 feet, bright sunshine then prevailing 
throughout the year. 

Sunshine records are available for two localities: (1) Lima city 
and (2) the Government Agricultural Station at La Molina, a few 
kilometres up the Rimac valley at a higher elevation. 





Elevation Sunshine in hours $ 
Site metres Jan. Feb. Mar. April May June July Aug. Sept. Oct. Nov. Dec. Total 
Lima. . «arr 217 216 216 129 82 50 24 31 25 60 105 92 1247 


La Molina. 251 194 203 243 160 108 79 72 69 70 123 156 133 1610 


The increase in hours of sunshine caused by an increased elevation 
is quite marked, more especially from April to December. 

Cloudiness indices are available for the same two localities, for the 
months of July to December inclusive. § 





Site July Aug. Sept. Oct. Nov. Dec. 
Lima . ; ‘ - 93 go 85 80 65 6:9 
La Molina . ; - &3 79 80 66 50 53 


Cloudiness at La Molina is markedly less than in Lima during the 
cold season, resulting from an elevation 140 metres higher. It is to 


* Encyclopedia Britannica, 11th ed. t January to June 1932. July to December 1935. 
t January to June 1932. July to December 1935. § Year 1935. 

















GENE FREQUENCY AND CLIMATIC CONDITIONS 123 


be regretted that similar sunshine and cloudiness records are not 
available for a series of elevations in the valley, but they would only 
serve to illustrate the main point—the specialised nature of the Lima 
climate, rapidly changing with altitude, which might thus be expected 
to act as an agent of natural selection, capable either of eliminating 
some genes altogether, or of causing marked changes in gene frequency 
in respect of others. 


THE EXPERIMENTAL RESULTS 


Genetic experiments with Ricinus are being carried out at the 
Experiment Station of the Institute of Cotton Genetics situated near 
sea-level between Lima and Callao. The special cross under study is : 


L x S 
Large seeded bloom type (BB) Small seeded no-bloom (4) 
from Sao Paulo, Brazil Peruvian coastal type 


At the time the observations began in May 1943 there were 
available for study the following cultures :— 


. The L parent and a large progeny. 
. The S parent and a large progeny. 
. An F, of 32 plants. 

. An F, of 44 plants. 

. Back-cross of F, x L. 

. Back-cross of F, x S. 


Oukh OO ND & 


At the end of May 1943 it was noticed that the L parent, which 
as has been stated possessed the dominant B in a homozygous 
condition, ceased to fruit. Growth of meristems continued slowly, 
and inflorescences were still formed. Blackening of the apical 
meristems then occurred, and the inflorescences also blackened and 
shrivelled. The amount of viable pollen rapidly decreased until by 
the end of June none was being produced. 

Observations of the S parent (4) showed that fruiting continued 
throughout the cold season, though at a diminished rate, and there 
was no blackening of the inflorescences or apical meristems. 

The F, plants were intermediate in behaviour and in development 
of bloom, though rather nearer to the B parent. Fruiting in the cold 
season was nearly though not absolutely stopped. 

The F,, which gave segregation into 3 bloom:1 no-bloom, 
manifested behaviour like the parents. All the bloom plants had 
sterile and blackened inflorescences during the cold season; the 
no-bloom continued fruiting to the same degree as the S parent. 
Likewise in the back-cross of F, to S the same classification of behaviour 
was observed, whereas the back-cross of F, to L behaved uniformly 
like L. 
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Conclusion 


The inability of the bloom types to fruit in the cold and fog of the 
winter season of Lima must be due either to the fact that the presence 
of bloom is itself physiologically disadvantageous, or that some closely 
linked gene has this effect. It is probable that the first of these 
explanations is the correct one, since the correlation of cold season 
sterility and bloom is complete in all types of populations. 


EXAMINATION OF WILD POPULATION 
|. The Lima area 


Ricinus is abundant in the city of Lima as an escape in unoccupied 
gardens, waste lands and roadsides. A survey was made of the Lima 
area and the following result was obtained :— 


Number of plants examined . ‘ - 2000 
Plants with no bloom ‘ ; ‘ - 1997 
Plants with bloom . é ' , ‘ 3 


We have no knowledge of the genetic composition of the types 
which were introduced into this particular area of Peru, but from 
the fact that both bloom and no-bloom types have been noted in the 
West Indies, Brazil, Venezuela and Colombia in about equal numbers 
as well as in other parts of Peru, it seems likely that the original 
population contained a much larger proportion of B genotypes. It 
is quite clear that the selection against the B gene is very powerful, 
and this is due to the cessation of fruiting for several months of the 
year. In the short hot season the number of seeds produced by the 
bloom types is very small. 


2. From Lima inland to 7600 feet altitude 


There is a motor highway from Lima which, rapidly ascending, 
enables one to cross the first Cordillera of the Andes at over 16,000 
feet. An examination was made of Ricinus populations along this 
highway. 








Kilometre Altitude in feet No bloom Bloom 
5-6 585 14 4 22°2 per cent. 
26-28 1950 72 31 30°! si 
40-41 2762 47 47 50°0 9 
84 7764 o 23 100 99 























Here we see that passing inland up the mountain valley there is 
a rapid increase in the proportion of bloom types. It may be noted 
that at km. 5-6 the amount of sun in winter is greater than in Lima, 
though unfortunately records are not available. By the time km. 25 
is reached, approximately 2000 feet above sea-level, the cloud bank 
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has practically disappeared, and there is much sunshine and warmth 
throughout the winter. In July to September there is a heavy mist 
at night which does not clear till between ten and eleven in the 
morning. Observation of the Ricinus population at km. 26-28 showed 
that while some blackening of growing points and flowering spikes 
occurred in the B types in the middle of winter, fruiting in these 
types was continuous throughout the year though much slower in the 
cold season. Fruiting of the 6 types was also diminished though to a 
less degree. It is to be noted that the last plants of Ricinus seen at an 
elevation of about 7750 feet were of the bloom type, showing that 
absence of sun, presence of fog or both, are responsible for winter 
sterility in Lima, and not merely a lowering of temperature. 


DISCUSSION 


The present case provides a good example of natural selection, 
and of how a specialised climate can act differentially on the two 
members of an allelomorphic pair B-b. The writer had noted the 
fact that natural populations of Ricinus practically always had both 
genotypes, but it was not formerly obvious that either member had 
any advantage over the other. Now it is clear that had seeds exclusively 
of the genotype BB been introduced into the Lima area, Ricinus would 
be an uncommon plant. 


SUMMARY 


1. Presence and absence of a waxy bloom on the stems of Ricinus 
communis L. is due to the pair of alleles B-b. 

2. In the Lima area the B plants do not reproduce in the winter 
season, irrespective of whether such plants occur in natural popula- 
tions, in pure lines or in segregating families under experimental 
conditions. Reproduction of 4 types continues throughout the winter 
season though at a diminished rate. 

3. The proportion of B plants in wild populations of the Lima area 
has been reduced to about 0-15 per cent. by this environmental sieve. 

4. The proportion of B plants augments with increasing elevation, 
with concomitant increase in amount of sunlight and diminution of fog. 
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RECENT investigations, published in English during the war years, 
have made considerable progress in the genetical analysis of the 
host-parasite system (literature given by Gowen and Zelle) ; but so 
far as we have been able to ascertain from the literature available to 
us, the measure of virulence used in this work has been based largely 
on the percentage survival of host individuals after experimental 
infection. 

In Continental Europe the genetical aspects of host-parasite 
interaction have not yet been studied, but progress has been made 
in regard to the measurement of virulence which, we believe, will 
prove useful in genetical studies. We refer to the measure of virulence 
based upon observations of the individual death times of inoculated 
animals instead of on the percentage survival. 

Theoretically the measurement of death times has advantages over 
the percentage of death or survival. First of all, it leads to two 
statistics from any set of experimental data; the mean death time, 
which, if there is partial survival (the mean then being estimated as 
the median), is correlated with the percentage of deaths ; and the 
variance of death times, which is an estimate of the variability of the 
population unobtainable from percentage data alone. This variance 
and the form of the distribution of death times have both a biological 
and a genetical meaning. The measurement of individual death 
times permits the recovery of both extra statistical and extra genetical 
information. Statistically the precision of the experimental results 
may be doubled in this way. Accounts of this method and the 
results of its application have appeared in Italian and German 
during the war. We hope that this note will serve to bring them to 
the notice of those English-speaking scientists who might otherwise 
overlook them. 

The study of death times has revealed the existence of a linear 
relation between mean death time and the logarithm of the number 
of bacteria used for inoculations, over a wide range. We have shown 
this relation to hold in experiments on the infection of white mice 
with Pneumococcus type 1 and with B. anthracis (see fig. 1). The data 
of other investigators have given the same result for the tuberculous 
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infection of guinea-pigs (Prigge), and for at least the highly virulent 
strains of Salmonella typhimurium in mice (Pike and Mackenzie). A 
linear relation of mean death time and log dose has also been found 
with virus infection, as with the pneumonitis virus of mice (Goennert) 
and typhus fever virus in mice (Ipsen). 

Death time, ¢, can thus be related to dose, d, by the equation 


t= —a log d+. 


Ipsen has proposed a more complicated equation which takes into 
account the asymptotic approach of death time to a value independent 
of dose, at the higher dosages (see, for example, the left curve of fig. 1). 
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Fic. 1.—Left. Arithmetic mean death times in hours (with standard errors) of white mice 
injected with B. anthracis, plotted against number of bacteria used in the inoculation 
on a logarithmic scale. Data from Bonezzi, Cavalli and Magni. 

Right. Harmonic mean death times of white mice inoculated with pneumococcus type 1 
plotted against dose on a logarithmic scale as before. Each point is the mean of 12 mice, 
Data from Cavalli and Magni. 


Filled circles : untreated mice. 
Open circles : mice treated with 0-6 mg./g. sulfapyridine. 


The equation relating death time linearly to log dose may have 
a simple interpretation on the assumptions (i) that the multiplication 
of the infectant micro-organism is logarithmic within the host, and 
(ii) that death takes place when a certain number of micro-organisms 
are present in the body, irrespective of the initial dose itself. A 
simple elaboration of this hypothesis allows us to cover the case of 
the destruction of the infecting organisms, without any great change 
in the relation of death time to dose. According to the simpler 
interpretation the constant a, measuring the slope of the line, is 
3°3 times the generation time (the reciprocal of the reproduction 
rate) of the infecting micro-organism, while d is directly proportional 
to the log of the number of organisms which exist at the moment of 
death in the host. The constant ) is therefore correlated with the 
toxicity of the bacterial strain used. The actual log of the number 
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of organisms giving death may be estimated as b/a, i.e. as the segment 
between the origin and the point at which the line cuts the abscissa. 

While we should probably regard this interpretation as an over- 
simplified account of the processes occurring in the host, it is at least 
a first approximation to any more complete account, which must still 
lead to a simple relation between death time and dose. That our 
interpretation is at least a useful approximation is shown by the fact 
that it has been possible to confirm by experiment some of its implica- 
tions, in particular the relation between the constant a and the 
reproduction rate. Animals treated with sulfonamides and infected 
with different doses of pneumococci still give the linear relation of 
death time to dose, but with the constant a changed in a way which, 
in our view, indicates a marked decrease of reproduction rate. We 
expect the ratio 5/a to depend on the toxicity of the micro-organism, 
and to be independent of the reproduction rate, and it was in fact 
unchanged or changed only slightly by the use of sulfonamides (see 
fig. 1, curves on the right). 

Ipsen affords a more direct test of the hypothesis by providing 
the means of evaluating the reproduction rate of typhus fever virus 
both from equation (1) and from the observed growth curve of the 
virus in the host. The two values so obtained agree within the 
limits of experimental error. 

Further tests of the hypothesis have not yet been made, but we 
believe that they will reveal no serious difficulties. The importance 
of the hypothesis is that the scheme of analysis to which it leads, isolates 
two factors of virulence, the reproduction rate and the toxicity of 
the strain. Interactions with natural and acquired immunity 
mechanisms are yet to be examined. 

The relation between death time and dose takes no account of the 
distribution of individual death times of animals inoculated with the 
same dose of micro-organisms. Such distributions seem to differ 
with different infections. The distributions of death times of tuber- 
culosis in guinea-pigs, for example, seem to be nearly normal (data 
from Prigge), while those of white mice infected with pneumococci 
and streptococci are skewed, becoming normal if the reciprocals of 
death times (Prigge’s ‘‘ death velocities”) are plotted in place of the 
death times themselves (see figs. 2, 3 and 4). Ipsen makes use of the 
device, for normalising the distribution (previously employed by him 
for titrating the bacterial toxins on the basis of death times), of 
introducing a function, f (T), of the times which follows from his 
equations relating death time to dose. Distributions of death times, 
or of functions of them, obviously have a genetical significance, and 
will show the effects of gene segregations. 

Partial survival introduces difficulties into the statistical treatment. 
The methods proposed for the handling of “ truncated ” distributions 
(as for example by Bliss) cannot always be applied directly because, 
as we shall see in discussing fig. 3, they may result in a loss of biological 
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information. This occurs when the distribution is not completely 
rectilinear up to the breakage point, corresponding to the percentage 
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Fic. 2.—Distribution of death times, on a reciprocal scale, of 191 white mice each inoculated 
i.p. with 108 pneumococci type 1. Plotted on probability paper. Data from Cavalli 
and Magni. 


of mortality when plotted on probability paper with a suitably 
transformed scale along the abscissa (see fig. 3). The use of reciprocal 
death times, with the calculation of harmonic means, allows the 
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Fic. 3.—Distribution of death times, on a reciprocal scale, of 192 white mice each inoculated 
ip. with 10% pneumococci type 1. Plotted on probability paper. Data from Cavalli 
and Magni. 


survivors to be taken into consideration, but it too fails to give fully 
satisfactory results. 
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An interesting case of partial survival is shown in fig. 3. The 
dose of pneumococci was low and so permitted partial survival. 
When plotted on probability paper the slope of the distribution 
showed a sudden change at one point. This could not be due. to 
heterogeneity of the test animals, as bimodal distributions do not 
have this form on probability paper. We have assumed, as a working 
hypothesis, that the change is due to the appearance of specific 
antibodies, permitting survival of the inoculated animals, or at least 
survival for a longer time than would have been possible in the 
absence of antibodies. 

If this hypothesis should prove true, either the statistical analysis 
should be limited to the first part of the distribution, the consequences 
of the specific immunity being so eliminated, or it must be elaborated 


98 





415 17 20 2s 30 35 
——p t. 


Fic. 4.—Distribution of death times, on a reciprocal scale, of white mice inoculated with 
hemolytic streptococci, plotted on probability paper. At the time marked by the arrow, 
half of the survivors were injected with sulfapyridine (open circles). 


to cope with the effects of the immunity as expressed in the second 
part of the distribution. 

The sensitivity of the method of plotting the distribution on 
probability paper, for the elucidation and analysis of variation in 
individual resistance, is well shown by an experiment testing the 
effect of injecting sulfonamide in a late phase of infection. Forty-six 
white mice were given a uniform dose of hemolytic streptococci, low, 
but sufficient to bring about 100 per cent. mortality. At 19} hours 
after the experiment started, when 18 of the animals were dead, 
14 of the remainder were injected with 0-6 mg./g. sulfapyridine each, 
the other 14 being left untreated. None of the untreated mice 
survived, but 3 survived out of the 14 given sulfonamide. The time 
mortality curves are plotted on probability paper in fig. 4. The 14 
untreated animals continue the line of the first 18 to die; but the 
sulfonamide injection causes a break in the distribution. The 14 
treated mice fall on a line which, though still approximately straight, 








132 LUIGI L. CAVALLI AND GIOVANNI MAGNI 


is less steep than that of the other 32. The slopes of the two lines 
are inversely proportional to their standard deviations. So the 
ratio of the slope from the 32 untreated mice to the slope from the 
treated 14, when squared, gives a variance ratio which, with n, = 13 
and n, = 31 degrees of freedom, is significant at the 1 per cent. 
level. The potencies of chemotherapeutic drugs can be compared 
in this way. 

This research and its application to genetical problems of the 
host-parasite systems are now held up by lack of financial means ; 
but the results so far achieved by using death times have shown how 
at least two major factors of virulence, reproduction rate and toxicity, 
may be separated. Doubtless further virulence factors will be isolated 
and measured as the method of analysis is extended. 

Finally, the use of death times, as opposed to death or survival 
percentages, permits us to employ infections of highly virulent micro- 
organisms and so to eliminate, or at least minimise, disturbances 
arising from specific immunity or allergy. The initial interpretation 
is thereby simplified and made into a surer basis for the eventual 
consideration of the more complex cases. These complications may 
not be so great as might be feared, for infections such as tuberculosis, 
whose lethal effects are slow, appear to give the same relation between 
dose and time of death. 
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Tue dominant hair-waving gene, Rex, is one of five genes with 
almost identical phenotypic effects, known in the house-mouse. It 
arose in the fancy, and was first investigated by Crew and Auerbach 
(1939, 1940). Linkage tests with 10 other loci were made and no 
significant departure from independent segregation was obtained. 
The recombination frequencies, calculated from the data published 
by Crew and Auerbach, are set out in table 1, together with an 


TABLE 1 


Recombination between Rex and 10 other loci, with approximate values for the closest admissible 
linkage. Calculated from the data of Crew and Auerbach (1939, 1940) 





Recombination Closest admissible 
Locus tested frequency Standard linkage (approx.) 
error 
per cent. per cent. 

Albino c 52 5°5 4! 
Pink-eye 37 76 22 
Dilute d 50 65 37 
Brown b ‘ 7°6 45 
Non-agoutia . : 5! 6°5 38 
Waltzer v ‘ : 49 98 29 
Leaden In ; : 45 98 25 
Peas . A ; 47 98 28 
Waved-1 wa-! é 62 98 42 
Caracul Ca . : 41 6-3 28 
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approximate value of the closest admissible linkage. Close linkage 
of Rex with any one of these ten factors was thus excluded, and at 
the same time the non-allemorphism of Rex with Caracul and with 
waved-1, two of the other hair-waving genes, was proved. The 
degree of independence of Rex with the agouti locus that was observed 
excludes the possibility of Rex being an allele of wellhaarig, a recessive 
hair-waving gene, since wellhaarig is linked with agouti with a 
recombination frequency of about 15 per cent. (Hertwig, 1942). 

The present paper gives evidence which shows that Rex is fairly 
closely linked with shaker-2, a locus not tested by Crew and Auerbach. 
At the same time it is shown that Rex is not an allele of waved-2, 
the fifth hair-waving gene, which is also carried on this chromosome. 
(Snell and Law, 1939). 


* Holder of a Research Grant from the Agricultural Research Council. 
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The linkage of Rex with shaker-2 was revealed by number nine of 
the segregating lines set up in the Department of Genetics by Professor 
R. A. Fisher with the object, amongst others, of filling the gaps in 
our knowledge of linkage. The foundation matings of this line were 
made by Mrs V. P. Leonard in June 1944. In pursuance of the same 
scheme, Rex was introduced to the line by Miss M. E. Wright early 
in 1945, and in June of that year the first mating was made showing 
simultaneous segregation of Rex and shaker-2 in the same animal. 
The frequency of recombination between Rex and shaker-2, indicated 
by the data up to the time of going to press, is 20 per cent., with a 
standard error of 5:1 per cent. All the matings were coupling back- 
Re+ . + sh-2 
+ sh-2 + sh-2 
typic classes among the progeny are shown in table 2. The matings 
are separated according to the sex of the segregating parent: the 
sex-difference in crossing-over is not significant. 





crosses of the type , and the frequencies of the pheno- 











TABLE 2 
Coupling backcross segregation of Rex and shaker-2 
, ie : Recombination 
Sex of segregating Old combinations | Recombinants 
parent Re+ -+sh-2 | Re sh-2 ++ Total pe coo 

Male . ? ; ‘ 17 14 3 4 38 18+4 
Female . : ‘ 6 12 3 2 23 21°7 
Combined . ‘ : 23 26 6 6 61 19°67 




















The recessive hair-waving gene, waved-2, is known from the data 
of Snell and Law (1939) to be linked with shaker-2. The recombina- 
tion frequency for males, based on 56 mice bred from backcrosses 
was 27 per cent., and that for females, based on 256 mice, was 
25 per cent. The recombination frequency estimated from the 
combined data is 25°3 per cent. (S.E. = 2-46 per cent.). In order to 
determine the position of Rex relative to shaker-2 and waved-2, 
coupling backcross matings of the type = i A x= ae Wes 

+ sh-2 wa-2 + sh-2 wa-2 
were set up. The progeny could of course be only partially classified, 
since Rex and waved-2 phenotypes can be distinguished only with 
difficulty, if at all, and the double mutant phenotype is unknown. 
The appearance of a single straight-haired offspring would, however, 
show Rex and waved-2 to be at different loci, and the frequency of 
straight-haired offspring would lead to an estimate of the frequency 
of recombination between Rex and waved-2, and so indicate the 
order of the three loci on the chromosome. 
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Up to the time of going to press, 122 mice have been bred from 
these matings, and 25 were straight-haired. (10 of these lived to 
be classified as shaker-2 and 11 as non-shaker.) Thus Rex is shown 
not to be allelomorphic with waved-2, and the data indicate a 
frequency of 41 per cent. (S.E. = 8-9 per cent.) for recombination 
between Rex and waved-2, on the assumption that the double mutant 
is viable. Rex therefore cannot lie close to waved-2, and the order 
must be Re—sh-2—wa-2. 

Thus the map of chromosome VII of the house-mouse becomes 
approximately as follows :— 


Map-distance (centimorgans) . ‘ » 215 >< 27'5> 
Order of genes ; . a sh-2——wa-2 
Recombination frequency (per cent. ;. . <20+5><-25+2°5> 





The map-distances are calculated according to Kosambi (1944) by 
means of the r to z transformation (Fisher and Yates, table VII). 
The table is entered with twice the recombination fraction as r: 
the corresponding value of z is then twice the map-distance. 

The observed recombination frequencies for the two short segments 
indicate a map-distance of 49 centimorgans for the Re—wa-2 segment. 
This corresponds with a recombination frequency of 37°5 per cent., 
from which the observed frequency of 41 per cent. differs by less than 
the standard error of the estimate. The length of the Re—sh-2 
segment is not, however, determined very exactly by the data 
presented here, and further work is in progress in the laboratory. 


Thanks are due to Professor R. A. Fisher, Sc.D., F.R.S., for permission to 
publish the data contained in table 2, which are taken from the records of the 
Department of Genetics, Cambridge University. 
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UNDULATED : A NEW GENETIC FACTOR IN 
MUS MUSCULUS AFFECTING THE SPINE AND TAIL 


By MARGARET E. WRIGHT 
Department of Genetics, Cambridge 


ORIGIN 


In December 1943 some mice were obtained from a fancier in 
Cambridge, and an assistant of this Department, Miss J. Morton, 
noticed that they had kinked tails. This anomaly has been in- 
vestigated by Mrs V. P. Leonard and myself. 


Received 2.1.47 


INHERITANCE 


Breeding tests have shown the deformity to be due to a single 
recessive gene, to which the name “ undulated” has been given. 
The gene promises to be useful genetically as there are no normal 
overlaps and no apparent reduction of viability in the nest (see 
table 1 and the graph). Crosses were made into many unrelated stocks, 
and in none of them was there a significant deficiency of un un mice. 





























TABLE 1 
: No. of No. of No. of 

Type of mating matings normals | affected Totals x* 
I. un unXun un : 4 o 32 32 
2. Outcrosses . ; : 16 278 o 278 ae 
3. Backcrosses . 5 48 46 94 o-0018 
4. Intercrosses . 12 239 76 315 0°0022 

VIABILITY 


The death-rate of adult ‘ undulated ”’ does was seen to be slightly 
lower than that of “‘ undulated ” bucks—from an examination of the 
mortality of some 85 does and 81 bucks. The mortality of the 
affected. animals (totalling 166) is greater than that of the unaffected 
sibs from matings involving “ undulated” (totalling 466) (see the 
graph of the log, Mortality Curve). 


FERTILITY 


The fertility of both sexes is impaired, but here the females are 
more affected than the males. Three does never bred out of thirteen 
mated, while two bucks never bred out of twenty-one mated. These 
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small figures show the comparative infertility of 23-02 per cent. of 
does and 9:52 per cent. of bucks. This excludes two matings which 
did not breed, in which both mice were un un. 


EXTERNAL APPEARANCE 


un un mice have kinked tails at birth, the kinks occurring at fairly 
regular intervals and being soft to touch. One cannot feel the 
deformity by running the tail between the fingers, but the kinks 


Loge Mortality Curve 


Normal mice - - - 
Undulated mice 
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return as soon as the tail is released. This fact enables distinction to 
be made at birth between un un mice and any showing accidental 
kinkiness. However, classification cannot always be made with 
certainty for several days because the gene varies its expression from 
slight to extreme undulation, as can be seen from the photographs of 
live mice (plate) ; and the more slightly manifesting mice may have 
to await confirmation of classification until as much as eighteen days. 
No data are available to show whether the degree of expression is 
due to genetic or environmental causes. At about fourteen days 
most un un mice show characteristic Spondylitis deformans, the spine 
being humped in the thoracic and depressed in the lumbar region. 
This hunchback seems correlated with greater undulation of the tail, 
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and is probably a more extreme manifestation of the gene. In later 
age the kinks in the tail become hard to the touch, like Danforth’s 
short tail (Sd) and Fused (Fu) and old un un mice show very deformed, 
and sometimes very twisted, backs. 


SKELETAL DEFORMITY 


That the deformity is not merely muscular is shown by the 
fact that un un mice do not lose their kinks when dead or under 
an anesthetic. In the young mice the vertebre are deformed, as 
can be seen from transparencies (see the plate). The general 
appearance of the vertebre of the thoracic, lumbar, sacral and 
coccygeal regions is that of irregular growth of the processes and 
bodies. There is no uniformity in this ; for instance, the right side 
of the neural arch and articular processes is longer than the left in 
some vertebra, and the reverse is true for others. In consequence 
the twist is from side to side. Fig. 1 shows the outlined part of the 








Fic, 1.—Extreme un un. 


extreme “‘ undulated ” shown in No. I of the plate. There is evidence 
to suggest irregular growth of the edges of the epiphyseal plates of 
the bodies. This is most marked in the coccygeal region ; the right 
or left edge of this plate appears thicker than the other, which gives 
the appearance of unequal length of the two sides of the body and 
would account for the twist. It is possible the deformity is due 
entirely to irregular development of the ossification centres ; on the 
other hand, abnormal development of the axial musculature, producing 
tensions on the developing bones may be the prime cause, with 
ossification changes consequent upon this. The appearance of the 
vertebral column and ribs in the Sd un/-+-un mouse shown in No. VI 
of the plate is suggestive of this. Nos. III, IV and V show a Fu un/- 

a normal and a Sd not “ undulated” for comparison. Figs. 
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represent the outlined parts of Nos. II, V and III, and show the 
difference between the deformity due to un un and that due to Fu+ and 
Sd-+- ; the deformity due to the former is fairly continuous and consists 
of irregular elongations of the vertebra, with slight degeneration at the 
end of the tail (but no vertebre have been missing in the few trans- 
parencies made), while both the latter deformities are abrupt and 
consist of fusions, degenerations, absences and misplacements of the 
vertebra. 














Dorsal view. Lateral view. Dorsal view. Lateral view. Dorsal view. 
Fic, 2.—Slight un un. Fic, 3.—Sd+ not undulated. Fic. 4.—Fu-+un un. 


IDENTITY TESTS 


* Undulated ” has been tested with three other tail deformities 
in our stocks. Being a recessive it cannot be the same gene as Fu or 
Sd, and backcrosses in coupling with Fu and Sd show that it is not 
an allelomorph of these genes since normals were thrown (see table 2). 








TABLE 2 
Pe ort Vine acim dem ~ ee a ee ee ee ~~ el 
rs Cross- 
Gene| Kind of | No. of : Total | Amount of 
tested| mating | matings Phenotypes Totals score |information be 
ie Se rr Sees ee ae | 
. Per cent! 
cc | Repulsion 3 c+ +un |++)| ¢,un | 138 | —6-222| 245°3933 52°5 | 
intercross 26 29 | 71] 12 | 
Fu | Coupling I Fu+ -+un |+-+| Fu un 32 0°000 | 128-000 50°0 
backcross 3 13 | 12 4 | 
Sd | Coupling, 2 Sd+ +un |++| Sd, un 58 3°999 17°333 44°8 | 
single 14 9 29 6 
backcross 
Sa+y ++ 
+un -+un 
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Extrem< Slight Fu--un un Normal Sd+not Sd-+-un un 
un un un un ** undulated ” 


Note.—These transparencies are of mice 20-30 days old 





A slight ** undulated ” An extreme “‘ undulated ” 
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Its appearance and effects are also quite different from flex-tail, 
as it has full manifestation and the young do not show any anemia. 
When crossed to flex an un un doe threw all, out of four, non-anemic 
and with normal tails. We have been unable to find any description 
of a tail deformity in the literature that is at all similar to “‘ undulated.” 


LINKAGE TESTS 


In the course of breeding, data have accumulated on linkage with 
Fu, Sd, cc (albinism) and A (agouti). As can be seen from the results 
summarised in table 2, there is no indication of linkage with the first 
three factors. Mr T. C. Carter, then working in this department, has 
since informed me of close linkage with the agouti locus. Systematic 
linkage tests are being carried out with the other genes of this linkage 
group in Professor Fisher’s stocks. 

The method of assessing linkage evidence is described by Fisher 
(1946). 


I am very grateful to Professor R. A. Fisher for his guidance and advice and 
for supplying the analysis of the death-rate of “‘ undulated ” ; to Mrs V. P. Leonard 
for permission to use her data; and also to Mr C. W. Ottaway, F.R.C.V.S., for 
his report on the anatomical effects of the gene. 
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